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Abstract 

  

 In this thesis, a sensorless method for low and zero speed operation is proposed for a high-

power medium-voltage pulse-width-modulated Current–Source-Converter (CSC)-fed Interior 

Permanent Magnet Motor (IPM) drive system. The proposed method is based on injection of a 

high-frequency (HF) pulsating sinusoidal signal into the estimated synchronous reference frame 

of the drive’s Field Oriented Control (FOC) scheme. The conventional FOC control scheme, low 

switching frequency, dc-link inductor and the inverter output three-phase filter capacitor of the 

medium-voltage high-power current-source drive present some challenges in the generation and 

design of the HF injection signal. To overcome the challenges, the FOC scheme is modified by 

introducing a modulation index control with a suitable dc-link current compensation to enhance 

the dynamic response of the injected signal and prevent any clamp in the injected signal. In 

addition, a Multisampling Space Vector Modulation (MS-SVM) method is proposed to prevent 

the distortion in the HF signal due to a low switching frequency to injected signal ratio. It is 

found that by using the proposed FOC scheme and multisampling modulation scheme, and 

proper design of the HF signal, an accurate rotor flux angle can be estimated for sensorless 

zero/low speed operation.  
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 Moreover, a novel input power factor compensation method is proposed for a high-power 

pulse-width-modulated Current-Source-Converter (CSC)-fed Permanent Magnet Synchronous 

Motor (PMSM) drive system. The proposed method is based on controlling the d-axis stator 

current component in the field-oriented control scheme of the drive system. The main feature of 

the proposed scheme is to compensate for the line-side power factor without the need for 

modulation index control in either the rectifier or the inverter.  

 Simulation and experimental verification for various objectives are provided throughout the 

thesis. The results validate the proposed solutions for the main challenges of zero/low speed 

operation of sensorless Current-Source-Converter (CSC)-fed Permanent Magnet Synchronous 

Motor (PMSM) drive system. 
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Chapter 1  

Introduction 

In recent years, a growing interest has developed in the Permanent Magnet 

Synchronous Motor (PMSM) due to many desirable features such as high efficiency, low 

maintenance, high power density and high power factor [1-3]. Due to significant 

improvements in magnets and thermal properties of the permanent magnet materials, the 

rating of PMSM has increased to meet the requirements of high power applications [1,4-6]. 

In fact, the power ratings of PMSM have been extended from 1kW to 30MW. This increase 

in power rating and the above-mentioned advantages open a new area of research in the 

field of high power medium-voltage drives for these type of motors. 

In general, the permanent magnet synchronous motor can be classified into two main 

types: Surface Mount Permanent Magnet Motor (SPM) and Interior Permanent Magnet 

motor (IPM). When the magnets are mounted on the surface of the rotor, the machine is a 

surface mounted permanent magnet motor (also known as a non-salient type). When the 

magnets is placed inside the rotor, the machine is an interior permanent magnet motor (also 

known as a salient type) [3]. Fig. 1-1 shows the two main types of PMSM machines. This is 

contrary to the Induction Motor (IM) which is always considered as non-salient. In 

addition, PMSM has a constant rotor flux generated by the rotor permanent magnets and 

independent of the stator flux, while in the IM, the rotor flux is generated as a reaction to 

the stator flux.  
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Several manufacturers of electrical machines have in recent years developed large 

PMSM motors. The use of these large PMSM motors has been focused on the industries of 

ship propulsion, wind turbines, and paper mill machines [4,5]. For wind turbines and 

generators, Siemens has a product with a 3.3 MVA PM motor [5]. ABB has a medium 

voltage product of 4 kV wind turbines with a power range from 1 to 3 MW [7,8].   For ship 

propulsion applications, ABB has already produced different types of PM motors for 

different types of ships. These motors range in power from 400 kW to 5 MW and are 

typically used in offshore support vessels, floating oilrigs, cable layers, and ferries [9]. 

Siemens has developed propulsion motors with power ranges from 5 MW to 30 MW [10]. 

Rolls-Royce has developed a 180 rpm, 20 MW PM motor for propulsion of small warships 

[11]. For paper mill applications, ABB has developed a medium-speed PMSM motor for 

direct drive paper mill applications [12]. The new system replaces the induction motor and 

the gear as shown in Fig. 1-2. This reduces maintenance and increases the efficiency of the 

system.    
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Fig. 1-1 Main types of PMSM machines 
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For high performance control of permanent magnet motors, information on the rotor 

position is indispensable. The position is traditionally measured by a sensor mounted on the 

shaft of the motor. The bulky position sensor increases the cost of the drive, makes the 

installation more difficult, and needs additional wiring. The position sensor reduces the 

reliability of the drive since its failure causes a break in the operation [13]. In worst case 

scenario, the process in which the drive is involved is also interrupted. This makes the 

sensorless topic one of the important research areas for the PMSM drive. 
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IM

Driven roll(s)
Jackshaft Reducer
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(b)
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Fig. 1-2 Different topologies for paper mills, (a) induction motor with gear system, (b) 

PMSM system [12] 

 

In this thesis, a current source converter (CSC) is used for controlling the permanent 

magnet synchronous motor. Comprehensive work is carried out to analyze and design the 

control scheme of the CSC to solve different challenges at zero and low speed operation 

from different perspectives of system control and grid requirement.   
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This chapter continues with an introduction of the PMSM machine and the sensorless 

drives. Then a review of prior art for zero/low speed sensorless drives is provided. Other 

important challenges of the CSC-fed PMSM drive at low speed, such as poor input power 

factor, is also covered. Following that, the objectives and motivations of the thesis are 

defined. The organization of the thesis is summarized at the end.   

1.1 Background of Sensorless Drives 

 The current flow in the windings of a permanent-magnet (PM) machine must be 

synchronized to the instantaneous position of the rotor, and therefore, the current controller 

must receive information about the position of the machine's rotor. As mentioned before, an 

auxiliary device (e.g., an optical encoder or resolver) may be used to measure rotor 

position, but there has been much interest in "sensorless" schemes, in which position 

information is derived by on-line analysis of the voltages and currents in the machine 

windings. Fig. 1-3 shows a schematic of a sensorless voltage source drive (VSD) scheme 

with a position estimator which operates by receiving measurements of motor voltages and 

currents and supplying rotor-position data to the current and speed controller.  

In the last few decades, many efforts in academia and industry were dedicated to the 

development of sensorless drives for induction machines and PMSMs. However, only 

recently was a breakthrough achieved, and some of the academic solutions were finally able 

to be implemented and used in industrial drives. The hesitant acceptance of the sensorless 

schemes on the part of manufacturers can be explained by the practical requirements that 

have to be fulfilled in industrial applications and systems. New control methods can only be 

accepted if they do not lead to an increase in costs or efforts. Thus, the elimination of the 
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angular sensor is not acceptable if it yields a necessity for the installation of additional 

computing power or special sensors, such as voltage or current sensors. 
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Fig. 1-3 Sensorless voltage source drive with position estimation from voltage and current 

measurement 

   

 Despite the differences between induction machines and PMSMs, the sensorless 

approaches can be applied in the same manner although with an important difference: in the 

case of PMSM, the absolute position of rotor flux has to be detected for correct starting of 

the control, whereas the induction machine can be magnetized in any arbitrary direction.  
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In recent years, interest in zero speed sensorless drives utilizing permanent magnet 

motors has increased for vehicular, crane, and aircraft applications. In such applications, 

there is a requirement for direct electromechanical drives without using mechanical locking 

actuation and mechanical shaft speed sensors. It is well known that there are serious 

problems with sensorless motor drives at zero and low speeds, and this has been a topic of 

research in the field for many years. A number of zero/low speed sensorless methods have 

been reported so far [14]. Almost all of these methods have been applied to low and 

medium power levels of the standard VSI-based PMSM drive systems. 

As a competitor to the VSI drive, Pulse-width modulation (PWM) current source 

converter (CSC) fed ac motor drives, shown in Fig. 1-4, are often used in high power 

(1000-10000 hp) applications [15-18]. The CSC drive has the features of simple structure, 

reliable short circuit protection, four quadrant operation capacity, and nearly sinusoidal 

outputs. In addition, the switching device [symmetrical GTO or gate commutated thyristor 

(GCT)] used in the CSC can be easily connected in series, which makes the CSC drive 

particularly suitable for implementation at medium voltage (2300 V-7200 V) level [16]. 

However, the CSC drive has mainly focused on induction motor applications so far. To the 

author's knowledge, there has been no high-power medium-voltage PWM CSC-based 

permanent magnet synchronous motor drive reported. Therefore, it is worth while to 

investigate this type of drive in addition to its sensorless applications. 

Although the investigation of an accurate sensorless technique for the vector control 

drive was started after the 1980s, it is worth mentioning that very few publications of 

sensorless application have applied to the PWM CSC-based motor drives. However, most 

of the research conducted to date regarding sensorless CSC-based drives are based on the 
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back-EMF of the machine [19-21]. These methods are suitable only for high speed 

application and fail at low and zero speeds. Application of a sensorless PWM CSI-based 

drive under low and zero speed has not been reported on yet. 
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Fig. 1-4 Medium-voltage level CSC-fed PM drive system 

1.2 Literature Review for Zero/Low Speed Sensorless Drives 

Several algorithms have been suggested in recent literature to achieve sensorless 

operation. Back-electromagnetic-force (EMF) or machine model-based estimator methods 

have been described in [11-25]. These methods work reasonably well at medium and high 

speeds, but as the speed decreases, their performance deteriorates. Furthermore, 

uncompensated inverter nonlinearity and stator resistance variations lead to unsatisfactory 

operation or even instability at low speed. Furthermore, at zero speed operation, the 

terminal stator voltage is zero. Therefore, the sensorless algorithm based on the machine 

model fails regardless of the algorithm’s superiority. 
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In order to overcome the limitations of the machine model-based sensorless methods at 

zero and low-speed operation, another group of sensorless algorithms based on non-ideal 

characteristics of the machine (such as saliency) has been developed. The zero/low speed 

sensorless methods can be classified as follows. 
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Fig. 1-5 Sensorless voltage source drive using voltage vector excitation for rotor position 

estimation 

1.2.1 Vector Excitation and Current Amplitude Measurement 

This method is based on exciting the motor with test voltage vectors and observing the 

resulting phase current amplitude [26-28]. With a stand-still rotor and unknown rotor 

position, twelve voltage vectors are initially produced as shown in Fig. 1-5. The test voltage 

vectors are produced in the order V1,V2,V3,...V12. The orientation of the vectors are such 

that vector V1 is in phase with phase a winding. The produced vectors are such that even 
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vectors are of opposite direction with respect to previous odd vectors. For example, vector 

V2 is in the opposite direction with respect to vector V1. Similarly, vector V4 is in the 

opposite direction with respect to vector V3 as shown in Fig. 1-5. Therefore, if an odd 

vector happened to be located close to the magnet pole, then the difference between the 

absolute phase current produced by that vector and that produced by the successive even 

vector would be larger than zero because of the effect of magnetic saturation in the stator 

core.  

Therefore, the rotor position (i.e., the position of the magnetic north pole) can be 

determined by identifying the maximum difference between the absolute value of the odd 

and even current responses. 

Once the vector providing the maximum current response is identified from applying 

the twelve vectors of Fig. 1-5, more vectors can be applied in the vicinity of the maximum 

current difference in an effort to refine the search. In [26-28], four sets of vectors were used 

for that purpose. The first set constitutes the twelve vectors shown in Fig. 1-5, which 

permits the identification of the maximum with a 30-degree resolution. A second set of 

three vectors is thereafter applied to refine the search to a 7.5 degree resolution. This 

process is repeated two times to finally obtain a resolution of 1.875 degree.   

The advantage of this method is that it does not depend on rotor saliency and it is 

completely parameter independent. However, it has the disadvantage of being very slow. 

Therefore, it cannot be employed for low speed operation as its bandwidth is slow. A 

second disadvantage of this algorithm is that the production of test vectors causes rotor 

vibration.  
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1.2.2 Pulses Excitation and Current Amplitude Measurement 

This method uses inductance variation due to saliency as well as the magnetic 

saturation properties of the stator core to detect the initial position of the rotor [29-31]. If a 

voltage is applied directly in phase with the phase a winding, the current response in phase 

a will be expressed  by (1-1). 

        cos(2 )a o a fI I I          (1-1) 

where aI is the phase a current, oI is the average current in the phase, cos(2 )a fI  is a 

sinusoidal component of the current that varies in proportion to twice the electrical rotor 

angle 
f . This sinusoidal component exists as a result of the inductance variation caused by 

the presence of saliency in the motor. Similarly, if the voltages are applied directly in phase 

b and c of the motor, their respective current responses can be expressed by (1-2) and (1-3). 

 

       cos(2 2 /3)b o b fI I I           (1-2) 

       cos(2 2 /3)c o c fI I I           (1-3) 

 

In this method, the motor is excited at standstill with two types of voltage pulses. The 

first type of pulse has a narrow duty-cycle, such that it does not cause magnetic saturation 

in the stator core. The second type of pulse has a large duty cycle, and consequently causes 

the stator core to saturate. The current response in each phase is first obtained from 

applying the narrow duty-cycle pulses to each phase. Such responses can be plotted as a 
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function of the position as shown in Fig. 1-6. As can be seen from Fig. 1-6, the current 

responses of the narrow pulses follow (1-1), (1-2), and (1-3). Therefore, it is possible to 

estimate the rotor position based on the sign of 
aI ,

bI and 
cI  as shown in Table 1-1. 

Also as shown in Table 1-1, the sign of 
aI ,

bI and 
cI can provide an estimate of the 

position with a 30-degree resolution and one combination of signs provides two possible 

position estimations. Therefore, this method does not differentiate between the position of 

the north magnetic pole and the south magnetic pole. 

To achieve such position polarity differentiation, the magnetic saturation properties of 

the stator core are utilized. The second type of voltage pulse is employed to cause magnetic 

saturation of the stator core. This large duty-cycle pulse is applied to the motor in the same 

manner as the narrow duty-cycle pulse. For this second test, because of magnetic saturation, 

the amplitude of the current flowing close to the north pole of the magnet will be different 

from that of the current flowing close to the south pole of the magnet. Based on this 

phenomena, the polarity of the magnet can be discriminated.   

The main advantage of this method is that it is parameter independent. However, it is 

too slow to be employed when the motor is turning. Therefore, it is only good for initial 

rotor position detection at standstill and does not work at low speed. 
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Fig. 1-6 Current response results from injecting narrow voltage pulses 

Table 1-1 Estimated position range based on current response 

f  (Degree) 
aI  bI  cI  

345 to 15 
+ - - 

165 to 195 

15 to 45 
+ + - 

195 to 225 

45 to 75 
- + - 

225 to 255 

75 to 105 
- + + 

255 to 285 

105 to 135 
- - + 

285 to 315 

135 to 165 
+ - + 

315 to 345 
 

1.2.3 Rotating Vector Excitation and Current Demodulation 

This method is based on excitation by high frequency sinusoidal rotating vector and 

demodulation of the corresponding high frequency currents [32-34]. The excitation signal is 

injected in the stationary reference frame and is therefore classified as a rotating vector. 
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The current feedback resulting from this excitation is thereafter separated from the actual 

motor current by using a high-pass filter and then is demodulated to extract the position 

information. The main feature of this method is that it can detect the rotor position at zero 

and low speed operation. 

Fig. 1-7 shows the control scheme of the voltage source drive with the rotating vector 

excitation sensorless method. As can be seen, the excitation voltages 
hv  and 

hv  are 

injected onto the  -axis and  -axis of the stationary reference frame at a frequency of 

h . The suffix "h" signifies "high frequency". The motor currents are thereafter filtered 

using band-pass filters to extract the resulting high frequency current components. A 

certain current demodulation process was performed for the extracted high frequency 

currents before obtaining the estimated rotor position [33]. 

Since the excitation signal of this method is injected in the stationary reference frame, 

the method inherently remains open loop. In other words, the algorithm does not depend on 

an initial position estimate. This open-loop structure might limit the dynamic performance 

of this method. Furthermore, this method is robust to parameter variation as it is completely 

parameter independent. However, this method is still affected by the position polarity 

problem. In other words, it still provides a position estimate that is a function of twice the 

actual rotor position. Therefore, the actual rotor position must be detected by some other 

method. 
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Fig. 1-7 Sensorless voltage source drive using rotating vector excitation method 

1.2.4 Pulsating Vector Excitation and Phase Measurement 

This method is based on pulsating vector excitation. That is, a high frequency 

sinusoidal voltage is injected into the rotating reference frame of the motor. Then, the phase 

angle between the high frequency current component and the injected high frequency 

voltage is utilized to extract the rotor position information [35,36]. 

Initially the motor is unloaded, at standstill and the rotor position is unknown. The 

algorithm assumes that the d-axis is aligned with phase a. In other words, the algorithm 

assumes that the rotating reference frame is geometrically identical to the stationary 

reference frame and that 0f  . The excitation is thereafter performed in two sequences. 
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During the first sequence, a high frequency voltage is injected in the d-axis of the rotating 

reference frame, which is equivalent to the  -axis of the stationary reference frame. The 

phase difference 
d between the resulting d-axis high frequency current and the d-axis 

voltage is measured. 

During the next sequence of excitation, a high frequency voltage is injected in the q-

axis of the rotating reference frame, which is equivalent to the  -axis of the stationary 

reference frame. The phase difference 
q between the resulting q-axis high frequency 

current and the q-axis voltage is measured. 

From the phase measurement obtained during the two excitation sequences, the angle 

of the rotor can be calculated as 

      
1

tan tan
tan ( )

tan tan

L d q

f

L q d

K

K

 


 




 


      (1-4) 

where L

L L
K

L

 
 , L is stator inductance and L is the inductance difference. 

The position estimation obtained from (1-4) will have two different possible polarities. This 

phenomenon is once again caused by the nature of the methods based on inductance 

variation due to rotor saliency. The two possible polarities of the angle correspond to the 

two possible magnetic poles of the rotor magnet. 

This method can be used for detecting the initial rotor position only. Therefore, it is not 

suited for low speed operation. Furthermore, this method does not function appropriately if 

the motor, at standstill, is loaded. An additional disadvantage is the fact that unlike any 

other low and zero speed sensorless methods, this method is parameter dependent.   
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1.2.5 Pulsating Vector Excitation and Impedance Measurement 

This method is based on injecting a pulsating high-frequency voltage signal into the 

machine [37-40]. The fundamental principle used is inductance variation due to rotor 

saliency. This method has demonstrated good dynamic performance even at heavy load 

conditions.  

In this method, a sinusoidal HF pulsating signal is injected into the synchronous 

reference frame of the drive control scheme. The purpose of injecting this HF signal is to 

excite or amplify the HF impedance of the motor, which contains position information. 

This impedance can thereafter be measured and processed for extracting the rotor position. 

Fig. 1-8 shows the control scheme of the voltage source drive with the pulsating vector 

excitation. As can be seen, the excitation voltage 
dhv is injected onto the d-axis of the 

rotating reference frame at a frequency of 
h . The suffix "h" signifies "high frequency". 

The motor currents are thereafter filtered using band-pass filters to extract the resulting HF 

current components. The HF impedance of the motor is calculated from the extracted HF 

currents and voltages before obtaining the estimated rotor position. 

The advantage of this method is that it can be employed for low and zero speed 

operation. It is also completely parameter independent and therefore is robust to parameter 

variations. However, this method is restricted to motors that contain saliency. Also, this 

method is still affected by the position polarity problem. In other words, it still provides a 

position estimate that is a function of twice the actual rotor position. Therefore, the actual 

rotor position must be detected by some other method. 
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It is worth mentioning that all of the abovementioned sensorless methods have been 

applied to voltage-source-converter (VSC)-fed drive systems with low and medium power 

applications. However, similar approaches for high-power medium-voltage current-source-

converter (CSC)-fed drive systems have not yet been explored. 
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Fig. 1-8 Sensorless voltage source drive using pulsating vector excitation method 

1.3 Input PFC of the CSC-Fed PMSM Drive 

Input power factor improvement is one of the main requirements and challenges for the 

CSC-fed drive system at low speed operation of a fan load type [41,42]. In the new 

generation of high power current source drives, as shown in Fig. 1-4, pulse-width-

modulated high-power current source rectifiers (CSR) are used to replace the thyristor 

rectifiers in most applications due to the improved line current waveforms, and reduced 



18 
 

costs, with the elimination of the input transformers. However, the input capacitor tends to 

cause the line PF to be leading especially at light load conditions or low speed operation as 

it may lead to penalty from the utility. Several methods have been developed for line power 

factor compensation as follows [43-49]. 

1.3.1 Optimize Line/Motor Capacitors 

The input power factor of CSR-CSI can be compensated for by properly selecting the 

line-side and motor side capacitors [43]. As established in [43], in an optimal design of line 

and motor side capacitors for CSR-CSI-fed induction motor drives having fan/pump loads, 

the input power factor can be kept over 0.95 for a 30%-100% rated load. However, with 

fixed line-side and motor-side capacitors, the input power factor will vary with the load. 

Therefore, a unity power factor over the operating range cannot be guaranteed.  

1.3.2 Detecting the Input phase angle 

In this control scheme, the input power factor is controlled by two PI regulators, one in 

a feed-forward loop for modulating index control, and the other in a feedback loop for 

delay angle control as shown in Fig. 1-9. In the feed-forward loop, the detected phase angle 

 between the source voltage sV and current sI is compared with the phase angle reference 

* which is usually set at zero degrees to achieve unity power factor operation [44-46]. 

The resulting error   , shown in Fig. 1-9, is used to control the modulation index. In 

the feedback loop, the dc-current dcI is compared with the current reference  *

dcI . The error 

signal I  is used to control the delay angle  . It should be noted that the magnitude of the 
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dc-current 
dcI is actually controlled by both feed-forward and feedback loops. This control 

scheme can guarantee the system input power factor is unity as long as the value of the 

modulating index is not saturated. 
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Fig. 1-9 Power factor control scheme achieved by detecting the Input phase angle 

1.3.3 Direct Torque Control  

The direct torque control method is based on a non-linear state variables feedback 

approach in the dq rotating reference frame [47-49]. Fig. 1-10 shows a general control 

scheme of the direct torque control method. As shown in Fig. 1-10, this approach allows 

the independent control of the two components of the line current (active and reactive) with 

the same dynamic performance, regardless of the operating point. In this approach, a unity 

power factor can be achieved by controlling the reactive reference component to zero. 
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Fig. 1-10 General block diagram of direct torque power factor control scheme 

It should be noted that almost all the above-mentioned methods require controlling the 

modulation index and phase angle in the rectifier-side for input power factor regulation. 

These schemes require an online PWM scheme such as Space Vector Modulation (SVM). 

However, using an online PWM modulation scheme for a high-power CSC-fed drive 

system, where low switching frequency is necessary, can cause significant low order 

harmonics and may excite the LC resonance, if not properly mitigated. To solve this 

problem, a SHE modulation scheme with variable modulation scheme may be considered. 

However, this approach requires a number of lookup tables with different modulation 

indices, and increases the implementation complexity. For these reasons, an input power 

factor compensation scheme using existing SHE-pattern modulation scheme can offer 

significant benefits in high-power current-source drives. 
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1.4 Dissertation Objectives 

On the market of electric motor drives, the PWM CSC-fed induction motor (IM) 

systems are widely used in the high-power medium-voltage range. However, little research 

has addressed the application of CSC drives with permanent magnet motors prior to this 

work. Although the currently available PWM CSC drives can also work with permanent 

magnet motors, they are not intentionally designed for zero/low speed sensorless operation, 

and are also not designed to achieve unity power factor (UPF) at grid side at low speed with 

this particular type of motor. 

 It is therefore important to understand these particular applications and focus on the 

special issues related to the PWM CSC-fed PMSM drive. 

The main objective of this thesis is to develop and design a sensorless control scheme 

for the high-power medium-voltage current source converter fed permanent magnet motor 

drive system for zero and low speed operation. This control scheme should work with 

100% load torque at zero and low speed range. The second objective in this thesis is to 

develop and design an input power factor control scheme for a high-power medium-voltage 

current source converter-fed permanent magnet motor drive system. This control scheme 

must provide unity input power factor for all operating ranges including the very low speed 

range. Also, this control scheme must keep the existing rectifier's SHE modulation scheme 

of the drive system. The main objectives of this thesis are as follows. 
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1) System Modelling and Analysis 

According to the literature survey, little research work has been carried out on the CSC- 

based permanent magnet synchronous machine (PMSM)-fed drive system. It is therefore 

necessary to establish accurate models to study the steady-state and transient performance 

of the system. 

 The first objective can be divided into the following goals: (a) development of a 

dynamic model for the whole CSC-fed PMSM drive system; (b) development of the steady-

state model of the system; (c) evaluation of the PMSM control schemes; and (d) evaluation 

of the CSC control configuration. 

2) Grid Power Factor Control 

 The power factor (PF) control capability of the commercial medium voltage CSC-fed 

drive system is somewhat limited due to the loss of control freedom as result of using SHE. 

In order to achieve flexible PF control in the CSC-fed PMSM drive system at all ranges of 

speed, additional control freedom from the system needs to be employed. 

 The second objective of the work, is to develop a new control scheme to achieve the 

unity power factor at all operating ranges including the very low speed range. 

3) Zero/low Speed Sensorless Control 

 The zero/low speed sensorless operation is considered a big challenge for electrical 

motor drives because of the limitation of sensorless-based motor model methods at that 

range of speed. In order to achieve zero/low speed sensorless operation with maximum 

torque capability, additional control signals have to be injected into the drive system. 
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 The third objective of the thesis is to develop a new control scheme to address the 

zero/low speed sensorless operation of the CSC-fed PMSM drive system and enable this 

feature with maximum motor torque capability.  

4) Polarity Identification 

 As part of the sensorless speed operation of the CSC-fed PMSM drive, the initial rotor 

position of the PMSM motor needs to be determined. Therefore, proper control for the 

initial rotor position needs to be considered in the design of the drive. 

 The fourth objective, is to design a new control for the sensorless CSC-fed PMSM 

drive to identify the polarity of the rotor for accurate initial rotor speed control. 

1.5 Dissertation Outline 

This dissertation consists of six chapters which are organized as follows. A diagram 

summarizing the main contents is provided in Fig. 1-11. 
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Fig. 1-11 Dissertation organization 
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 Chapter 1 presents the background and introduction of the study. 

Chapter 2 carries out the development of system models and control configuration for 

CSC-fed PM drive system. The dynamic and steady state models are established. Different 

control configurations and schemes are presented for the CSC and the PM drive.  

Chapter 3 focuses on the input power factor improvement of the drive system. The 

major challenges of the power factor control are reviewed first. Then, a novel d-axis stator 

current control scheme is proposed to achieve unity input power factor over a wide range of 

speeds. Detailed implementation and functionality of the proposed control scheme are 

explained. The performance of the proposed control scheme is verified with analytical and 

time domain simulation. 

Chapter 4 focuses on zero/low speed sensorless control of the CSC-fed drive system. A 

novel control scheme is developed for the low/zero sensorless speed control. The proposed 

method is based on the injection high frequency (HF) approach. The general injection 

approach and different injection methods are first reviewed. A pulsating injection control 

scheme is then proposed for the current source converter fed-interior permanent magnet 

motor. Details of the proposed control structure, theoretical analysis and time domain 

simulation are elaborated. 

Chapter 5 carries out the experimental verification of the proposed power factor 

control method and the zero-speed high-frequency injection method. The chapter starts with 

an explanation of the experimental prototype. Then the experimental results of the proposed 

methods are provided with their explanation.   
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 Chapter 6 summarizes the main contributions and conclusions of the dissertation. 

Possible future work is also suggested.  
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Chapter 2  

Modeling and Control of CSC-fed PMSM 

Drive 

 
In this chapter, a mathematical basis of the current source converter fed permanent 

magnet synchronous motor (CSC-fed PMSM) is discussed and derived. Various aspects 

such as pulse-width-modulation (PWM) schemes, control schemes of the CSC drive 

system, and control schemes of the PMSM drive system, are included in this chapter. 

The main objective of this chapter is to derive the dynamic and steady-state models of 

the CSC-fed PM drive system and to cover other important control aspects of the CSC-fed 

PMSM drive system. This provides the mathematical and theoretical basis for the control 

system design in the following chapters  

This chapter starts with the discussion and definition of the power circuit configuration 

of the CSC-fed PMSM drive system. Then the pulse-width-modulation techniques suitable 

for the high-power CSC drive system are introduced. After that, a detailed dynamic and 

steady-state mathematical models are derived and defined for the proposed CSC-fed 

PMSM drive system. Then the control schemes of the CSC drive system are discussed. 

Finally, a full steady-state study and analysis for three control schemes of the PMSM motor 

are performed and compared to give an idea about the existing control for that motor. 
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2.1 Drive System Configuration 

In medium-voltage high-power electric drive applications (such as in the 

petrochemical, mining and metal industries), the PWM Current-Source Inverters (CSI) are 

used increasingly in motor speed control. Compared to Voltage-Source Inverter (VSI) fed 

drives, the current source approach offers simple converter topology, inherent regeneration, 

reliable fuse-less short circuit protection and low output voltage dv/dt. In the new 

generation high-power current-source fed drives, the thyristor rectifiers are replaced by 

PWM Current-Source Rectifier (CSR) to improve line-side current harmonics and the 

power factor. A Field-Oriented Control (FOC) scheme is usually used to improve the 

dynamic performance of the drive. It should be noted that most existing studies in the 

literature have mainly focused on speed and torque control of high-power induction 

machines. Very few publications have considered the CSC-fed PMSM drive system. 

Fig. 2-1 illustrates the proposed configuration of a medium-voltage level CSC-fed PM 

drive system. The illustrated configuration consists of a high power PM machine, three 

phase filter capacitors, and a full rating back-to-back PWM CSC. The PWM CSR is 

connected back-to-back with the PWM CSI through a dc-link inductor. As shown in Fig. 2-

1, a number of switching devices can be connected in series in each phase leg to meet the 

voltage requirements. The input and output three-phase AC capacitors help the 

semiconductor switch commutations and filter out current harmonics. The size of these 

capacitors is mainly determined by the inverter/rectifier switching frequency. Since the 

CSC-fed drive system is usually used for high-power applications in which the device 
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switching frequency is often limited to around 600 Hz, a large capacitor between  0.2 p.u. 

and 0.5 p.u. is normally required. 
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Ldc

PWM Rectifier PWM Inverter
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iin
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~
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Fig. 2-1 Proposed configuration of a medium-voltage level CSC-fed PM drive system 

2.2 PWM Modulation Techniques 

Various modulation techniques have been developed for the PWM CSI, including 

selective harmonic elimination (SHE), trapezoidal pulse-width-modulation (TPWM), and 

space vector modulation (SVM) [50-53]. In the back-to-back PWM CSC, the CSR and the 

CSI are similar in terms of modulation. Therefore, the above-mentioned modulation 

schemes can be applied to both of them. The SHE scheme is considered the best scheme in 

terms of the THD and therefore is usually used in the CSR side with a fixed input 

frequency of 60 Hz. However, in the case of the CSI, a combination of modulation schemes 

might be used for different operating frequency. 

A simplified PWM CSI, composed of six symmetric devices, and fed by an ideal dc 

current source is shown in Fig. 2-2. As mentioned before, the current commutations of the 
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converter necessitates a three-phase capacitor in parallel with the load. The switching 

pattern design for the CSI should generally satisfy two conditions: 1) the DC current idc 

should be continuous, and 2) the inverter PWM current iw should be defined. The two 

conditions can be translated into a switching constraint: At any instant of time (excluding 

commutation intervals), there are only two sets of series-connected switches conducting, 

i.e., one set in the top half of the bridge, such as S1 in Fig. 2-2, and the other in the bottom 

half of the bridge, such as S2. In this subsection the modulation techniques are introduced 

and discussed. 

PMSM
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4S 6S 2S

A
B
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wi

fC

dci

dcv

+

-

 

Fig. 2-2 PWM current source inverter 

2.2.1 Selective Harmonic Elimination (SHE) 

The selective Harmonic Elimination (SHE) technique is an offline modulation scheme 

that can eliminate a number of unwanted low-order harmonics with a limited number of 

pulses. In this technique, the switching angles are recalculated and then imported into a 

digital controller for implementation. In order to achieve a better harmonic profile and to 

reduce the complexity in finding switching pattern solutions, the calculated pulses are 
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normally arranged in such a way that the derived PWM waveform has a quarter-wave 

symmetrical shape. In high power applications, where the SHE is usually preferable, low 

switching frequency is needed to reduce the losses. Therefore, three, five or seven 

switching angles per quarter of cycle are preferred. In the case shown in Fig. 2-3, five 

pulses are employed. This figure shows a typical SHE pattern that satisfies the CSC 

switching constraint. There are five pulses per half cycle with five switching angles in the 

first π/2 period. However, only two out of the five angles, i.e, θ1 and θ2 are independent. 

Given these two angles, all other switching angles can be derived.  

The two switching angles provide the ability to eliminate two harmonics such as the 

5th and 7th harmonic from the rectifier/inverter current waveform. This can be considered 

the main advantage of this technique since it is hardly possible by using other modulation 

techniques to remove these low order harmonics (5th and 7th).  

The main disadvantage of the SHE is the lack of flexibility for control as the offline 

calculated set of angles is valid at a certain modulation index. In practice, SHE is normally 

used with a fixed modulation index. If variation of the modulation index is needed, the 

solutions for all the required modulation indices have to be calculated offline and stored in 

a look-up table with their set of angles. This adds more complexity to the control scheme 

implementation and it is not practical in real applications. Moreover, the calculation of SHE 

angles with a large number of pulses per fundamental cycle sometimes involves 

transcendental equations that have no solutions, which prevents the SHE from being 

applied to a full frequency range. 
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Fig. 2-3 SHE pattern that satisfies the CSC switching constraint 

2.2.2 Trapezoidal Pulse Width Modulation (TPWM) 

The principle of the trapezoidal pulse width modulation (TPWM) for the current 

source fed drive is shown in Fig. 2-4, where the trapezoidal modulation is represented by vm 

and the triangular carrier wave is represented by vcr. Similar to the carrier-based PWM 

schemes for the voltage source fed drive (VSC), the gate signal is generated by comparing 

mv  with crv . However, the trapezoidal modulation does not generate any gate signal in the 

center / 3 interval of the positive half cycle or in the negative half of the fundamental 

frequency. Such arrangements can satisfy the switching constraint of the current source 

converter. 

2.2.3 Space Vector Modulation (SVM) 

 Similar to the voltage source converter, the current source converter can also be 

controlled by the space vector modulation (SVM). A typical space vector diagram for the 

current source converter is shown in Fig. 2-5(a), where 
1 6I I  are active vectors and 

0I  is a 
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zero vector. The active vectors form a regular hexagon with six equal sectors, whereas the 

zero vector 
0I  lies at the center of the hexagon. 
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Fig. 2-4 Trapezoidal pulse width modulation 

The desired three-phase output current of the current source converter can be expressed 

as a reference vector 
refI  rotating counter clockwise in the vector plane. For a given length 

and position, 
refI  can be synthesized by three nearby stationary vectors, based on which the 

switching states of the inverter can be selected and gate signals for the switches can be 

generated. When 
refI passes through sectors one by one, different sets of switches are 

turned on or off. The inverter output frequency corresponds to the rotating speed of 
refI , 

whereas the magnitude of the output current can be adjusted by the length of refI . The ratio 

between the magnitudes of 
refI and the dc link current dcI determined the modulation index 
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am of the converter, given as /a ref dcm I I . The angle 
ref is defined as the phase 

displacement between the reference vector and  axis of the vector plane. 

As shown in Fig. 2-5(b), the reference vector 
refI can be synthesized by the adjacent 

vectors based on the ampere-second balance principle, that is, the product of the reference 

vector 
refI and the sampling period 

sT equals the sum of the current vectors by the time 

interval of chosen space vectors. Assuming that the sampling period 
sT  is sufficiently 

small, the reference vector 
refI can be considered constant during sT . Under this 

assumption, the reference vector  
refI can be synthesized by vectors 

1 2,I I and 
0I . There 

ampere-second balancing equation is thus given by 

        
1 1 2 2 0 0

1 2 0

ref s

s

I T I T I T I T

T T T T

   


  
      (2-1) 

The vector dwelling times can be derived by solving (2-1), 

        

1 sec
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      (2-2) 

where sec is the displacement angle of the reference vector within a certain sector. 

Therefore, its value is in the range of sec0 /3   . Once the vector dwelling times are 

calculated, the vector sequence in a sampling period needs to be determined for the 

generation of PWM pulses. Different sequence patterns can be generated, however, the 

selection of the sequences are associated with different device switching frequencies and 

harmonic profiles. One of the most widely-used sequences is called a three-segment 
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sequence. The switching pattern generated with this sequence has the advantage that the 

transition from one sector to another required only one device switch-on and one device 

switch off. Hence, in each sampling period, three switch-ons and three switch-offs take 

place, which is equivalent to three full device switching. Therefore, if the sampling 

frequency is 1/s sf T , the corresponding device switching frequency is / 2sw sf f . 
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Fig. 2-5 SVM modulation scheme (a) Space vector diagram (b) Vector synthesis 

2.3 Mathematical Model of the Drive 

In this section, a dynamic and steady state mathematical models of the CSC-fed PM 

drives are established. As mentioned earlier, the illustrated configuration, shown in Fig. 2-

1, consists of a high power PMSM motor, a full rating back-to-back CSC and the input and 

output filter capacitors. The back to back CSC can be divided into a current source inverter 
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side (motor-side converter) and a current source rectifier side (grid-side converter)  

interconnected through a dc-link inductor. 

The modeling starts with each part of the system. Then all the derived equations are 

combined to represent the whole system. In this work, the motor-side equations are derived 

with respect to the motor rotor flux oriented synchronous reference frame, whereas the 

grid-side equations are obtained based on the grid-side filter capacitor voltage oriented 

synchronous frame. 

2.3.1 PM Machine Mathematical Model 

Fig. 2-6 shows the cross-section view of a simplified symmetrical three-phase, four 

poles PMSM machine. The stationary three-phase winding as, bs, and cs are displaced by 

120 electrical degree from each other. In the PMSM machine, the d-axis is aligned with the 

North pole of the permanent magnet in the rotor and the q-axis is 90
o
 electrical degrees  a 

head of the d-axis of the machine. The three phase voltages of the PMSM machine (shown 

in Fig. 2-6) can be described by the following equations [54-56]. 
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Fig. 2-6 Cross-section view of a simplified symmetrical three-phase, four poles PMSM 

machine     

The flux linkage equations of the PMSM machine can be expressed as 
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      (2-4) 

where Laa, Lbb, and  Lcc are the self-inductances of the PM machine, and   Lab= Lba, Lbc= 

Lcb, and Lca= Lac are the mutual inductances of the machine. The self and the mutual 

inductances of the PM machine can be expressed as [56] 
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where Lls is the leakage inductance, θf  is the electrical angle of the rotor position, and  Lma, 

Lmb, and  Lmc are the magnetizing inductances of the stator phases. The inductance L0s is the 

dc component of the magnetizing inductance, whereas L2s is the magnetizing component of 

the inductance that changes with the second order of the rotor position. The fluxes ψasm, 

ψbsm, and ψcsm are the flux linkages created by the permanent magnet as it sweeps over the 

as, bs, and cs windings, and 

       

cos

cos( 2 / 3)

cos( 2 / 3)

asm f f

bsm f f

csm f f

  

   

   

 


 


 

      (2-6)

 

where ψf is the magnitude of the flux linkage of the permanent magnet. 

Accordingly, the direct axis and the quadrature axis inductances are defined as 
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        (2-7) 

where the Ld and Lq represent the synchronous inductances of the permanent magnet 

machine. In the case of the interior permanent magnet, the q-axis inductance Lq is usually 

greater than the d-axis synchronous inductance (Lq>Ld). In these types of motors, the value 

of the Lq is usually between 0.7 p.u. to 2.0 p.u. In case of the surface mount permanent 

magnet, the q-axis and the d-axis inductances are equal (Lq=Ld) and usually the value of the 

inductance is between 0.4 p.u. and 1.2 p.u. 
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To easily describe vector control on the PM machine, the machine equations in (2-3) 

are transformed to the d-q synchronously rotating reference frame. The d- and q-axis are 

defined as in Fig. 2-6. The machine dynamic equations in the synchronously reference 

frame can be represented as follows 

       
sd sd sd r sq

sq sq sq r sd

d
v Ri

dt

d
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dt

 

 


  


   


      (2-8) 

where 
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       (2-9) 

The dynamic equations of the machine can be rearranged by combining (2-8) and (2-9), 
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d
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    (2-10) 

Fig. 2-7 shows a simplified model for the permanent magnet synchronous motor, 

which is derived based on (2-10). Where the core loss in the rotor is neglected. Fig. 2-8 

shows the vector diagram of the motor model, where,  and   represent the stator voltage  

and current angles with respect to the back-emf voltage of the motor. The angle   is also 

called the torque angle of the motor. The electromagnetic torque equations of the motor can be 

represented by 

       
3

[ ( ) ]
2

e f sq q d sq sdT P i L L i i         (2-11) 
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e L r

d
T T J

dt
          (2-12) 

where J is the total moment of inertia of the load-motor mechanical system, TL is the 

mechanical torque applied by the load, Te is the electromagnetic torque produced by the 

motor, P is the number of pair poles of the motor, and ωr is the electrical angular velocity 

of the rotor. The first term in (2-11) represents the magnet torque due to the rotor 

permanent magnet flux ψf, the second term represents the reluctance torque component due 

to the interaction between the stator d-q axes current components and the inductances of the 

PMSM machine. In terms of the SPM, where Lq=Ld, the reluctance torque component is 

zero. 
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Fig. 2-7 Simplified dq-axis model of PMSM in the rotating reference frame 

2.3.2 Current Source Converters Model 

In the back-to-back current source converter configuration shown in Fig. 2-1, the 

rectifier- and inverter-side have the same topology, but they have reversed energy flow. In 
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this section, the modeling of the rectifier-side will be derived first, then the same method 

can be applied to the inverter-side. 
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Fig. 2-8 Phasor diagram of PMSM motor 
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Fig. 2-9 Configuration of current source rectifier-side 

The configuration of the rectifier side CSC is shown in Fig. 2-9. The ac side of the 

converter has a three-phase current modulated waveforms generated by the gating signals 
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of the devices. The device switching actions generate high-frequency harmonics into the 

system. The ac capacitors work as  a filter for the current harmonic in addition to its main 

function to maintain safe current commutation. 

(a) Three-phase equation in the stationary frame 

The general representation of the ac side current waveform can be expressed as, 

1 5 5 7 7

1 5 5 7 7

1 5 5 7

(cos( ) cos(5( )) cos(7( )) ...)

(cos( 2 / 3) cos(5( 2 / 3)) cos(7( 2 / 3)) ...)

(cos( 2 / 3) cos(5( 2 / 3)) cos(7(
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wrc r dc s s s

i m i t a t a t

i m i t a t a t

i m i t a t a t

     

        

       

      

         

        7 2 / 3)) ...) 

                    

                   (2-13) 

where 

mr, α1  -  modulation index and delay angle of the grid-side current source converter; 

ωs       - fundamental frequency of the grid voltage and current 

,n na   - coefficients and phase angles of the nth order harmonics, n=5,7,11,... 

The modulation index mr is usually equal to 1 when SVM modulation is used and in 

the range of 1.02 to 1.04 for the SHE modulation scheme. The coefficient  5 7,a a and 11a

becomes small or approaches zero for the modulated PWM converter output current. The 

high order harmonic components are substantially reduced by the LC filters. Also, the 

dynamic performance of the system are determined primarily by the fundamental 

component of the system variables. Therefore, the effects of the harmonics can be 
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neglected. Based on the above-mentioned two reasons and by incorporating the phase 

information into the modulation index, (2-13) can be simplified by 

            wr r dcabc abc
i m i       (2-14) 

where 
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    (2-15)

   

The power balance of the rectifier-side gives the following equation with loss in circuit 

neglected. 

            
T

dcr dc wr rabc abc
v i i v        (2-16) 

substituting (2-14) into (2-16), the dc-link voltage  dcrv can be derived as a function of the 

three-phase voltage  cr abc
v and the three-phase modulation indices. 

           
T

dcr r rabc abc
v m v        (2-17) 

The ac current equations can be obtained based on the three-phase circuit given in Fig. 2-9. 

           cr r rabc abc

d
i C v

dt
        (2-18) 

             r wr crabc abc abc
i i i        (2-19) 

where rC  and is the rectifier filter capacitor. 
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(b) The dq-axis equations in rotating synchronous frame 

 As mentioned before, the design of the control system is based on the defined rotating 

synchronously reference frame. Therefore, it is desirable to transform the above three-phase 

equations into the dq synchronous frame. Performing frame transformation on (2-14), (2-

17) and (2-18), we have, 
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dc
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i m
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i m

   
   

   
       (2-20) 
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      (2-23) 

where rdm  and 
rqm are the equivalent d- and q-axis modulation indices of the converter, 

respectively. 

 The inverter-side as shown in Fig. 2-10 has similar equations as those listed above, and 

they are summarized as below. 
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Fig. 2-10 Configuration of current source inverter-side 
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In the above-mentioned equations, r is the electrical angular speed of the motor and 

iC  is the inverter filter side capacitor. idm and iqm are the equivalent d- and q-axis 

modulation indices of the motor-side converter, respectively. 
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2.3.3 DC-link Model 

The motor-side and grid-side current source converters are linked by the dc-link 

inductor as shown in Fig. 2-11. 

The dc-link current is given by , 

        
Ldc dc dc dcr dci

d
v L i v v

dt
         (2-28) 

Replace  dciv and dcrv in (2-28) with (2-21) and (2-25), we have, 
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Fig. 2-11 Configuration of dc link 

2.3.4 Grid-side Model 

The grid side can be modeled as a voltage source with a small source impedance (Ls 

and Rs) as shown in Fig. 2-12. Ls represents the sum of the line impedance and the leakage 

inductance of the transformer, while Rs stands for the transformer and line losses.  

The three-phase equation can be derived in a straight-forward manner from the equivalent 

circuit 
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The dq-axis equations based on the grid voltage oriented synchronous frame are, 
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Fig. 2-12 Configuration of the grid-side model 

2.3.5 State-space Equations 

By combining all the equations derived for the motor, converters, dc-link, and the grid, 

a 10th order dynamic system is constructed to simulate the dynamic behavior of the CSC 

fed PMSM drive. The state-space dynamic system are listed below. 
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2.3.6 Steady-state Equations  

The steady state of the equations of the system can be derived by setting the 

differential terms in   (2-32) to zero. 

       
ds ds r q qsv Ri L i          (2-33) 

       qs sq r d sd r fv Ri L i           (2-34) 

       wrd rd dc r i sq sdi m i C v i          (2-35) 

       wrq rq dc r i sd sqi m i C v i          (2-36) 
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         1.5m qs f q d qs dsT P i L L i i        (2-37) 

       
id s s sq isd s sdv L i v R i          (2-38) 

       
iq s s sd isq s sqv L i v R i           (2-39) 

       
id dc s r iq idm i C v i          (2-40) 

       
iq dc s r id iqm i C v i           (2-41) 

       
id id id id rd sd rq sqm v m v m v m v         (2-42) 

The above equations can be used to calculate the steady-state values of the system 

variables according to an arbitrary set of the system inputs. Among the system inputs, vid 

and viq represents the grid capacitor voltage. In the input capacitor oriented synchronous 

frame, vid equals to the magnitude of the measured input capacitor voltage whereas viq is 

equal to zero. The value selection of the control variables, mrd, mrq, mid and miq, depends on 

the specific control algorithms employed for the drive system.   

2.4  CSC Drive Control Schemes 

Fig. 2-13 illustrates the detailed field-oriented control (FOC) scheme of the CSI-fed 

PMSM drive system. The outputs of the FOC scheme are the reference dc-link current and 

the reference switching angle for the inverter. The synchronous q-axis stator current 

component is generated from a speed feedback loop (with a simple PI controller). The d-

axis current reference can be controlled by a number of methods to achieve different 

machine performance. This will be discussed in more details in the next Section. 
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By substituting (2-33) and (2-34) into (2-35) and (2-36), the synchronously rotating 

reference frame inverter-command currents  *

dwi and
*

qwi , can be calculated as 

       

* 2 2 * *

* 2 * *

dw r r f r r d ds ds

qw r r q qs qs

i C C L i i

i C L i i

  



    


  

     (2-43) 

The stator resistance in high-power motors is normally very low, and therefore it is 

neglected in   (2-43) for simplicity with little errors. Using (2-43), the inverter switching 

angle inv and the dc-link current command can be obtained in (2-44) and (2-45), where 
f  

is the rotor flux reference frame angle, usually measured using a rotor shaft position sensor 

or estimated by different techniques depending on the speed operating range . In (2-44), and 

(2-45), it is assumed that both the rectifier and the inverter are controlled with phase angle 

control and unity modulation indices 1invm  . 

        

*

1

*
tan

qw

inv f

dw

i

i
 

 
   

 

        (2-44) 

        * * 2 * 2( ) ( )dc dw qwi i i          (2-45) 

Fig. 2-14 illustrates the detailed dc-link control scheme of the rectifier side. In this 

scheme, the dc-link current will follow the dc-link current reference using a simple PI 

regulator. The output of the dc-link current PI regulator is the average dc voltage reference, 

which subsequently generates the switching delay angle reference for the rectifier. 
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Fig. 2-13 Detailed field-oriented control (FOC) scheme of the CSI-fed PMSM drive 

system. 
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Fig. 2-14 Detailed dc-link control scheme of the rectifier side 

Now, based on how to implement the overall control scheme, controlling the dc-link 

current and the switching pattern, the control of the CSC can be classified into three 

techniques as follows [57] 

A. Fixed dc-link current scheme with online PWM (SVM with ma control) 

In this configuration, the rectifier is operated with fixed dc-link current. This can be 

achieved by independently (independent from the inverter controller) controlling the 
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rectifier as shown in Fig. 2-15. As can be seen, the rectifier controller is independent from 

the inverter controller. The dc-link reference current is adjusted to keep a constant dc-link 

current. The output dc-link current is controlled through the inverter using an online PWM 

modulation scheme with ma control. Since the output inverter is PWM modulated, the 

system has time responses close to the sampling period. However, the dc-bus losses and 

switch conduction losses are maximum, since the dc-link current is always equal to its 

maximum value, regardless of the load speed and torque. 
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Fig. 2-15 Fixed dc-link current with online PWM scheme  

B. Variable dc-link current scheme with fixed PWM (SHE modulation) 

In this scheme, the CSI is operated with a fixed pattern, which is usually optimized in 

terms of harmonic spectrum and switching frequency such as the SHE modulation scheme. 

Thus, the load current harmonic distortion (THD) is minimal. However, the dc-link current 

must be adjusted by sending the required dc-link current reference to the rectifier side 

controller. Accordingly, the CSR controller will adjust the rectifier firing angle θrec to meet 
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the requirements of the load, as shown in Fig. 2-16. Usually, the dc-link inductor is 

designed to have an acceptable current ripple (less than 15% of the average value). In order 

to achieve this value and due to the low-order harmonics produced by the rectifier, the size 

of the dc-link inductor becomes quite bulky. This results in a slow system transient 

response. 

C. Variable dc-link current scheme with online PWM  (SVM with ma control) 

Unlike the fixed dc-link current scheme, this scheme varies the dc-link current, in order 

to keep the CSI modulation index constant in steady state. In addition, this scheme ensures 

that the CSI gating pattern is modified on-line (as shown in Fig. 2-17), so as to force the 

output current to track the reference, thereby resulting in a fast dynamic response, with rise 

times in the range of the sampling period of the space-vector technique. 

It should be noted that a high modulation index set point under steady-state condition 

(ma near 1.0) is desired, in order to minimize the dc-link current and to obtain low 

harmonic distortion waveforms on the load side. However, a lower modulation index would 

provide a wider operating range before the CSI modulator goes into saturation (ma>1.0) 

under transient conditions. When the modulation index reaches its maximum, the slower 

(no acting) acting index controller will increase the dc-link current to meet the load 

requirements. The converter then operates similar to the fixed dc-bus current CSI drive. 

Therefore, a suitable compromise between steady-state and transient state is required. More 

details and a solution will be provided in Chapter 4. 
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Fig. 2-16 Variable dc-link current with fixed PWM scheme 
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Fig. 2-17 Variable dc-link current with online PWM scheme 
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2.5 Control Schemes of CSC-fed PMSM Drive  

The permanent magnet synchronous motor performance can be controlled by 

controlling the d-axis stator current component of the motor [58]. For instance, the d-axis 

stator current of the motor can be set to zero to achieve a linear relationship between the 

stator current and the motor electromagnetic torque. Alternatively, the d-axis stator current 

of the motor can be adjusted to produce maximum torque with a minimum stator current. 

Another approach is to set the d-axis to produce a unity power factor at the machine side. In 

this section, the above-mentioned three control schemes are presented and analyzed. 

 2.5.1 Zero d-axis Current (ZDC) Control 

The d-axis stator current control can be implemented by setting the d-axis stator 

current reference to zero. Fig. 2-18  shows the implementation of this control in the FOC  

scheme of the CSC-fed PM drive system. As can be seen the d-axis current reference is set 

to zero and therefore, the torque will be developed in the motor by controlling the q-axis 

current reference generated from the speed controller.  
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Fig. 2-18 CSI-FOC control scheme with ZDC control 
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 With the d-axis stator current kept at zero, the steady state stator current, torque and 

stator voltage equations (2-46), (2-47) and (2-48) can be represented by (ignoring the 

voltage drop across the resistor) 

        2 2

s ds qs qsi i i i           (2-46)
 

        1.5 1.5e f qs f sT P i P i         (2-47)
 

        2 2( ) ( )s r q qs r fv L I        (2-48) 
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Fig. 2-19 Steady-state performance of non-salient PM with ZDC scheme  

with fan-type load 

According to (2-47), a linear relationship between Te and is, is achieved as the rotor 
f

flux in the PM motor is constant. Also, the resultant terminal voltage vs is always increased 

with the load. With the assumption of keeping the stator current at its maximum value, 

maximum torque can be achieved with the rated machine stator terminal voltage when this 
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control scheme is applied to the non-salient machine, as shown in Fig. 2-19. The figure 

shows a steady-state analysis results for a non-salient PM motor with ZDC control as a 

function of motor speed for a fan type load.  As can be seen, the non-salient motor can 

provide maximum torque at one per unit voltage and current with one per unit speed when 

the d-axis stator current controlled to zero.  However, this might cause over-voltage across 

the machine terminal as the load and speed increases when it is applied to the salient 

machine, as shown in Fig. 2-20. As can be seen, as the load and speed increases, the voltage 

increases until it exceeds the rated voltage at certain speeds. In addition, this control cancels 

the reluctance torque component when it is applied to the salient motor and therefore, the 

torque will be less than rated when the stator current is at rated value. Therefore, this 

control method could be limited for certain operating conditions when it is applied to the 

salient pole motors.    
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Fig. 2-20 Steady-state performance of salient PM with ZDC scheme  

with fan-type load 
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2.5.2 Maximum Torque per Ampere (MTPA) Control 

 The maximum torque per ampere control generates a maximum possible torque with a 

minimum stator current. As shown earlier, for a given rotor flux linkage, the motor torque 

given in (2-11), is a function of the dq-axis stator currents ids and iqs. This implies that the 

motor can produce a given torque with different values of ids and iqs, which are the flux-

producing and torque-producing components of the stator current, respectively. Therefore, 

it is possible to produce a torque with minimum stator current by adjusting the ratio of ids to 

iqs. For a given stator current is, the magnitude of its d-axis current can be calculated by 

        2 2

ds s qsi i i          (2-49) 

Substituting the above equation into (2-11), the motor torque can be expressed as a function 

of iqs: 

        2 23
( )

2
e f qs d q s qs qsT P i L L i i i         (2-50) 

 In the non-salient motor, the d- and q-axis inductances are equal. The above equation 

can be simplified to (2-47), where only the q-axis current contributes to the torque 

production. By setting the d-axis current to zero, the motor torque is produced by the 

minimum stator current (
s qsi i ). Therefore, the ZDC control is essentially the MTPA 

control for the non-salient motor. 

 For the salient-pole motor, the MTPA scheme can be derived through the following 

steps. Differentiating (2-50) with respect to iqs, we have 
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        2

2 2

3 1

2

e
f d q ds d q qs

qs s qs

dT P
L L i L L i

di i i

 
     
 
 

    (2-51) 

 To find the maximum torque per ampere, one can set the above derivative to zero: 

         
2

0
qs

f d q ds d q

ds

i
L L i L L

i
            (2-52)

 

 Below the base speed, with the assumption of keeping the stator current at its 

maximum value, the d-axis stator current component in term of the q-axis stator current 

component can be derived from (2-52) 

       

2

2

22( ) 4( )

f f

ds qs

q d q d

i i
L L L L

 
  

 
    (2-53) 

 Fig. 2-21 shows the implementation of the MTPA control in the FOC control scheme 

of the CSC fed PM drive system. As can be seen, the d-axis stator current reference can be 

calculated from the q-axis stator current reference generated from the speed regulator.  

 Fig. 2-22 shows a steady-state performance analysis of salient PM motor with MTPA 

control as a function of motor speed for the fan-type load. As can be seen, the salient motor 

can provide maximum torque at one per unit voltage and current with one per unit speed 

when the MTPA control is used.
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Fig. 2-21 CSI-FOC control scheme with MTPA control 

 The main feature of the MTPA scheme is that it can produce a desired torque with 

minimum stator current. This maximizes the utilization of the stator current and minimizes 

the losses dissipated in the stator winding. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

Pm

Tm

Is

Vs

PF

p
.u

.

 

(p.u.)
r

 

Fig. 2-22 Steady-state performance of salient PM with MTPA scheme  

with fan-type load 

 



60 
 

2.5.3 Unity Power Factor (UPF) Control 

 This control method provides unity power factor at machine side by controlling the 

stator current angle to align the stator current with the stator voltage. Neglecting the small 

voltage drop across the stator resistor, the phase angle of the stator voltage and current can 

be illustrated by 

    
arctan( / ) arctan(( ) /( ))

arctan( / )

v sq sd f d sd q sq

i sq sd

v v L i L i

i i

   



  




   (2-54) 

 Therefore, unity power factor operation can be realized when the angle θ between the 

stator voltage and current ( v i    ) is zero. 

Under this condition, the following relationship can be achieved 

        
2 2 0d sd f sd q sqL i i L i         (2-55)

 

From (2-55), the d-axis stator current ids that keeps the stator current within the limit is 

given by 

        

2 24

2

f f d q sq

sd

d

L L i
i

L

  
       (2-56)

 

The maximum value of isq and isd that can satisfy the machine side power factor operation is 

given by 
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f

sq

d q

f

sd

d

i
L L

i
L















       (2-57) 

Under this condition and depending on machine parameters, the output torque will be 

limited. This can cause a limitation in speed in case of a fan-type load as the torque is 

related to the square of the speed. Fig. 2-23 and Fig. 2-24 show the performance curves for 

the salient and non-salient motors. For the salient motor, the stator current, stator voltage, 

motor torque, motor power are all increased nonlinearly with the motor speed, as shown in 

Fig. 2-24. When the rotor speed increases to a certain speed less than the rated speed, the 

stator current reaches its rated value. This implies that the motor speed under UPF control 

will be limited to certain values less than the rated speed depending on the motor 

parameters. Fig. 2-23 shows the performance curves for the non-salient motor with the UPF 

control scheme. A similar phenomena can be observed. The non-salient motor reaches its 

limit specified in (2-57) and therefore, the speed range of the non-salient motor with UPF 

control may be limited to a certain range depending on motor parameters. 

Fig. 2-25 shows the implementation of the UPC control in the FOC control scheme of 

the CSC-fed PM drive system. As can be seen, the d-axis stator current reference derived in 

(2-56) can be calculated from the q-axis stator current reference generated from the speed 

regulator.  
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Fig. 2-23 Steady-state performance of non-salient PM with UPF scheme  

with fan-type load 
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Fig. 2-24 Steady-state performance of salient PM with UPF scheme  

with fan-type load 

 



63 
 

Speed

controller

Capacitor

Compensation

d/dt

+

+

Cartesian to 

Polar

w

inv

-

+

f

*

sdI
*

wdI

*

wqI

*

dci

*

r

r

*

sqI

2 24

2

f f d q qs

d

L L I

L

  

 

Fig. 2-25 CSI-FOC control scheme with UPF control 

Table 2-1 provides a summery for the operating range of the permanent magnet 

synchronous motors using ZDC, MTPA, and UPF schemes. In summary, the ZDC scheme 

is valid for non-salient synchronous motors, the MTPA scheme can be used for both 

salient-pole and non-salient motors (the MTPA is equivalent to ZDC for the non-salient 

motor), and the UPF scheme has limited operating range. The above conclusion is made 

based on two synchronous motors.  

 

Table 2-1 Compression between ZDC, MTPA, and UPF schemes 

Motor Control Scheme ZDC MTPA UPF 

Non-salient Motor       Full Full Partial 

Salient-pole Motor       Partial Full Partial 
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2.6 Conclusions  

In this chapter, the mathematical steady-state and dynamic equations for a CSC-fed 

permanent magnet synchronous drive system are derived. A comprehensive analysis has 

been performed for various configurations and control schemes for CSC and a permanent 

magnet synchronous motor. The main conclusions of this chapter are as follows: 

 A 10th order dynamic model for the CSC-fed PM drive system is derived. The 

equations are established in synchronous reference frame defined on both sides. In 

the case of the motor side, the equations are synchronized with a rotor angle 

reference frame, whereas the grid side equations are synchronized with capacitor 

voltage. 

 The steady-state equations of the system are obtained to calculate the steady-state 

values of the system variables. 

 Three control configurations of the CSC-fed drive system are discussed and 

compared. Selection variable dc-link control scheme can reduce the loss of the drive 

system. In addition, choosing a variable dc-link control scheme with an on-line 

PWM can improve the dynamic. This will be discussed in detail in the following 

chapters. 

 Three control schemes for salient and non-salient permanent magnet motors are 

discussed and analyzed. These control schemes are zero d-axis current (ZDC) 

control, maximum torque per ampere (MTPA) control, and unity power factor 

(UPF) control. The performance of these control schemes are analyzed and 

compared. 
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The outcome of this chapter provides the theoretical and mathematical basis for designing 

the control schemes in the following chapters. 
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Chapter 3  

Input Power Factor Control of PWM CSC-

Fed PM Drive 

 
Input power factor (PF) improvement is one of the main requirements and challenges 

for the CSC-fed drive system. In the new generation of high power current source drives, 

pulse-width-modulated high-power current source rectifiers (CSR) are used to replace the 

thyristor rectifiers in most applications due to the improved line current waveforms, and 

reduced costs with the elimination of the input transformers. However, the input capacitor 

tends to cause the line PF to be leading.    

The main objective of this chapter is to address the input power factor issue in the 

PWM CSC-fed PM drive system.  

The major challenges of power factor control are reviewed first. Then, a d-axis stator 

current control scheme is proposed to achieve unity input power factor over a wide speed 

range. Detailed implementation and functionality of the proposed control scheme are 

explained. The performance of the proposed control scheme is verified with analytical and 

time domain simulation.  
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3.1 Input PF in PWM CSC-Fed Drive System 

As mentioned earlier, the input ac capacitors of the drive have values between 0.3-0.6 

p.u. This large input ac capacitor can help filter the high frequency harmonics. However, 

these capacitors generate large leading reactive current in the grid side which tends to cause 

the leading power factor, especially under light load conditions. Fig. 3-1 shows the vector 

diagram of the input side converter. As can be seen, the input current Iin leads the input 

voltage Vc by a large angle because of the uncompensated leading reactive current IQ 

caused by the capacitor. 

Vc
IQ

q-axis

Icg

Iin

Iw-q

rec

Iw

 

Fig. 3-1 Vector diagram of the input side converter 

To control the power factor at the drive's input, a few approaches have been reported. 

Most require controlling the modulation index and phase angle in the rectifier side for input 

power factor regulation. These schemes require an online PWM scheme such as a space 

vector modulation (SVM) scheme for the rectifier and inverter for entire operating range. 

However, using an online PWM modulation scheme for a high-power CSC-fed drive 
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system, where low switching frequency is necessary, can cause significant low-order 

harmonics and may excite the LC resonance if not properly mitigated. 

At high-power levels (1-10MVA), the concern about losses in a drive system limits the 

switching devices' switching frequency to a few hundred hertz, which leads to another 

concern about the harmonics, especially the low-order harmonics. Therefore, the selective 

harmonic elimination (SHE) modulation, which can effectively reduce the low-order 

harmonics component at both the grid side and motor side, is the most popular PWM 

method for the high-power CSC-fed drive system. In more detail, the SHE is usually 

employed for the CSR to eliminate the low order line-side harmonics at the drive input. In 

the case of the inverter side, a combination of SVM and SHE are used. The SVM is used at 

low speeds and SHE is usually implemented at high-speeds to generate the best side 

waveforms. Therefore, with the use of SHE, the option of controlling the modulation index 

is not valid. Eliminating the harmonics without modulation index control usually takes the 

priority for high-power CSC-fed drive system. For the above-mentioned reasons, the power 

factor compensation design for a high-power CSC drive is a challenge, as the compensation 

scheme should be preferably realized without any modification of the existing PWM 

scheme.     

3.2 Principle of the Proposed PFC  

The principle of the proposed input Power Factor Compensation (PFC) is to maintain a 

large enough rectifier current to compensate for the input reactive current component even 

with light load conditions. To understand the proposed d-axis stator current adjustment 

method, the relation between the machine side and line side converters is studied. Fig. 3-2 
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shows the steady-state vector diagram of the whole CSC-fed PMSM drive system before 

and after the proposed compensation method during light load conditions. As mentioned 

earlier, in order to eliminate the low-order harmonics (5
th

 and 7
th

 harmonics) in the rectifier 

side, the SHE modulation scheme with fixed modulation index /rec w dcm I I  is used, 

where
wI   is the rectifier current and 

dcI  is the dc-link current. On the machine side, the 

inverter current 
wI is proportional to the dc-link current through the inverter modulation 

index /inv w dcm I I . Assuming constant and equal modulation index in the machine and 

line side, the inverter and rectifier currents are equal
w wI I  . With this assumption, the 

rectifier q-axis current component Iw-q can be used to compensate for the reactive 

component of the line current  IQ.   

However, under light load conditions, Iw-q is lower than the capacitor current (Icg) and 

cannot fully compensate for it (Fig. 3-2(a)). Therefore, to increase the rectifier current, the 

d-axis stator current component in the FOC scheme is controlled to provide the required dc-

link current and then the required rectifier current for the unity power factor compensation. 

As can be seen in Fig.3-2(b), by injecting enough d-axis stator current, the rectifier current 

wI  is increased. In addition, increasing the d-axis motor stator current causes an increase in 

the rectifier switching delay angle 
rec

 because of the reduction of the dc-link voltage. The 

increase in the rectifier current and delay angle will increase the Iw-q component of the 

rectifier current which can compensate the reactive line current component IQ (IQ= Iw-q-Icg 

=0, for unity input power factor).  
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Fig. 3-3 shows the general relationship between the d-axis stator current and the 

reactive line current for a fan-type load (fan-type load is considered the most common load 

for high-power drives) as the motor operates from standstill to rated speed. It can be 

observed that the reactive (capacitive) line current is reduced with the increase of the d-axis 

stator current component. A summary of the detailed relationship between the d-axis stator 

current and the line side reactive current component IQ is given by (3-1). This relation is 

valid for all operating speed ranges.  

    

    (Capacitive current)

      (Inductive current)

    (Capacitive current)

      (Inductive current)

IQ
I Ids dc rec

IQ

IQ
I Ids dc rec

IQ





 


  




 


  




      (3-1) 

3.3 Mathematical Derivation of the Proposed PFC Scheme 

In order to properly adjust the d-axis stator current component for power factor 

compensation, the mathematical relationship between the d-axis stator current component 

Ids and the drive input reactive current IQ is derived. This can be obtained by examining the 

drive system variables at a steady-state condition.  To keep the currents and voltages of the 

drive within the operating limits, the proposed d-axis stator current is derived with respect 

to the q-axis stator current component. 

 Assuming a unity modulation index at the inverter and rectifier (minv=mrec=1 and 

therefore *

dc w wI I I  ), the total q-axis component IQ (reactive) of line current can be 

calculated by  

      
* sin( )Q i C g dc recI V C I           (3-2) 
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Fig. 3-2  Vector diagram of the whole CSC-fed PMSM drive system. 
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Fig. 3-3  Relationship between the d-axis stator current and the reactive line current 

component for fan-type load. 

 

where ωi is the line-side electrical angular frequency, Cg is the line-side capacitor filter, VC 

is the peak value of the line-side capacitor voltage and αrec is the switching angle (delay 

angle) of the rectifier. (Note that IQ=0 means unity power factor, IQ >0 means leading 

power factor, and IQ <0 means lagging power factor.) 

Neglecting the losses, the average dc-link voltage command can be derived from the 

machine side variables as 

         *

*

r e
dc

dc

T
V

I P


          (3-3) 
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The average dc-link voltage command can be represented in terms of line-to-line input 

voltage and the rectifier phase delay angle by
* 1.5 cos( )dc LL recV V  . Considering unity 

power factor condition and using the trigonometric relation 2 2cos sin 1  , the dc-link 

current command can be derived as 

       
2 2

* 2 2 2 2

2 2
( )

1.5

r e
dc i C g

LL

T
I V C

P V


        (3-4) 

The dc-link current command in (3-4) represents the required dc-link current for unity 

input power factor and can be denoted by
_dc UPFI . 

Considering the motor side capacitor current compensation, the synchronous-frame 

inverter-command currents *

dwI and
*

qwI , can be calculated as 

       

* 2 2 * *

* 2 * *

dw r m f r m d ds ds

qw r m q qs qs

I C C L I I

I C L I I

  



    


  

     (3-5) 

The stator resistance in high-power motors is normally very low, and therefore it is 

neglected in (3-5) for simplicity with little errors. Using (3-5), the inverter switching angle 

inv and the dc-link current command can be obtained in (3-6) and (3-7), where 
f  is the 

rotor flux reference frame angle, usually measured using a rotor shaft position sensor. In  

(3-6), and (3-7), it is assumed that both the rectifier and the inverter are controlled with 

phase angle control and fixed-unity modulation indices 1rec invm m  . 
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*

1

*
tan

qw

inv f

dw

I

I
 

 
   

 

        (3-6) 

        * * 2 * 2( ) ( )dc dw qwI I I          (3-7) 

 Now, from (3-5) and (3-7), the dc-link current command can be expressed in terms of 

machine parameters and the motor-side capacitor as  

    
* 2 2 2 * * 2 2 * * 2( ) ( ) ( )dc r m f r m d ds ds r m q qs qsI C C L I I C L I I           (3-8) 

The sign of the first term in (3-8) is adjusted to obtain the minimum possible d-axis stator 

current, while achieving the unity power factor. By equating, equation (3-4) and (3-8) and 

after simplification, the d-axis stator current component command is derived as 

   

2 2
2 2 2 2 2 * * 2

2 2

*

2

( )
1.5

( 1)

r e
r m f i C g r m q qs qs

LL

ds

r m d

T
C V C C L I I

P V
I

C L


   



     


 

   (3-9) 

Based on (3-5) and (3-4), the proposed d-axis stator current component command in (3-9) 

can be modified to 

     

2 2 * 2

_*

2

( ) ( )

( 1)

r m f dc UPF qw

ds

r m d

C I I
I

C L

 



  


 
      (3-10) 
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3.4 Analysis and Control Scheme of the Proposed PFC 

From (3-10), a valid solution for the proposed d-axis stator current control method 

must satisfy the condition
*

_dc UPF qwI I . In addition, the d-axis stator current command must 

be limited to be within the rated current of the  drive (and hence the motor)                           

(
*

_0 ds s ratedI I  ), where 
_s ratedI is the motor rated current. 

It can be seen from (3-9) that the proposed d-axis stator current command *

dsI  is related 

to a few drive and machine parameters. Among them, the input and output filter capacitors 

are of special interest as they are parts of the drive circuit. Based on the switching 

frequency and the input and output inductances, the filter capacitors might have different 

values. In general, the design of the capacitors are based on the Nyquest sampling theorem 

where the resonance frequency of the LC filter must be less than half the switching 

frequency to ensure system stability. 

To show the effect of the filter capacitors on the proposed method, a small input and 

output capacitors of Cg=0.4 p.u. and Cm=0.3 p.u. are selected for the large drive presented 

in Table 3-1 (in the simulation, the input capacitor is selected Cg=0.5 p.u. to show the 

effectiveness of the proposed method even with a large input capacitor). With this 

selection, the input and output resonance frequencies are 203.2 Hz and 116.5 Hz, 

respectively, which ensures system stability with a switching frequency of 540 Hz.  

Fig. 3-4(a) illustrates the relationship between *

dsI ,
_dc UPFI , and 

*

qwI  as a function of 

motor speed for fan-type load for the small filter capacitors. As illustrated in Fig. 3-4(a), the 

d-axis stator current command can provide the required dc-link current that ensures unity 
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power factor operation for wide speed ranges. It is obvious that the injected d-axis current 

can cause additional loss in the motor and the drive. However, the increase in the loss 

(motor loss, dc-link loss and the switching device conduction loss) is a common for all 

unity power factor compensation methods, as the rectifier current has to be increased to 

compensate for the large capacitive current, especially at light load conditions. 

As the load increases with the motor speed, the d-axis stator current command will be 

reduced until it hits the zero limit of the controller, as shown in Fig. 3-4(a). In this case the 

proposed method becomes ineffective and cannot fully compensate the power factor. 

However, in this situation the input power factor is close to unity and does not require any 

compensation as shown in Fig. 3-4(a). Fig. 3-4(b) shows the relationship between *

dsI ,

_dc UPFI , and 
*

qwI  as a function of motor speed for the fan-type load when large filter 

capacitors of Cg=0.5 p.u. and Cm=0.4 p.u. are used. As can be seen, the effective range of 

the proposed method can be extended to cover all speed ranges with the large filter 

capacitors.  

In accordance with the d-axis stator current method in (3-9), the block diagram of the 

FOC scheme with the proposed control method is shown in Fig. 3-5. The developed torque 

is estimated from (2-37) by measuring the d-q axes stator currents to improve the dynamic 

performance. In addition the input capacitor voltage is measured (instead of using fixed 

value) for more accurate results. It is worth mentioning that the proposed method can be 

applied to both salient (IPM) and non-salient (SPM) permanent magnet synchronous 

motors. Furthermore, the proposed scheme can make use of the existing speed PI regulator 

parameter and does not require an additional PI regulator. 
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Fig. 3-4 Relationship between, *

dsI , 
_dc UPFI , and 

*

qwI as a function of motor speed for fan-

type load. (a) Cm =0.3 p.u. and Cg =0.4 p.u. (b) Cm =0.4 p.u. and Cg =0.5 p.u. 
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Fig. 3-5 Block diagram of the FOC scheme with the proposed PFC control method. 

3.5 Simulation Results 

Analytical and time domain simulation results obtained using Matlab are provided in 

this section to demonstrate the performance and effectiveness of the proposed 

compensation method. Table 3-1 shows the system parameters of the medium-voltage high-

power 2.44 MW drive system used in the analytical simulation. Table 3-2 shows the system 

parameters of the low-voltage low-power 6.5 kW drive system used in the time domain 

simulation. 
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A. Analytical Simulation Results 

Figs. 3-6 and 3-7 show the results for the simulation curves of the drive input power 

factors, machine stator voltage Vs and current Is, developed torque Te, input reactive current 

IQ, and the d-axis stator current component with and without the proposed compensation 

method. Note that the conventional ZDC control method with no input power factor 

compensation is compared with the proposed control method. 

As can be seen in Fig.3-6, for speeds above 80% of the rated value, there is no need for 

compensation, as the input power factor can be maintained close to unity by properly 

designing the input and output capacitor filters compensation. However, for speeds below 

80%, the input reactive current is not zero, as the power factor becomes leading. 

When the proposed method is enabled (Fig. 3-7), the drive input reactive current 

component IQ can be regulated to zero, and unity input power factor is achieved. It is very 

clear from Fig. 3-7 that the proposed method maintains the stator voltage and current within 

the drive and motor capacity. 

B. Time Domain Simulation Results 

Figs. 3-8 and 3-9 illustrate the steady-state performance of the drive without and with 

power factor compensation at light load conditions. In Fig. 3-8, the motor is controlled 

using conventional ZDC without the power factor compensation. In this case, the motor is 

operated at 0.262 p.u. speed and torque of 0.217 p.u. to emulate the light load condition. As 

can be seen, there is a large phase angle between the input current and the input phase 

voltage because of the large line capacitor 0.57 p.u. of the drive. This line capacitor draws 
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significant leading reactive current (especially at light load and low speed) and results in a 

power factor of 0.248 (leading). 
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Fig. 3-6 Steady-state performance of the drive without PFC method  

with fan-type load. 

Figs. 3-10 and 3-11 illustrate the performance of the drive at a heavy load condition 

(0.7 p.u. torque at 0.88 p.u. speed) with and without the proposed compensation method. 

Without power factor compensation (using ZDC method), the power factor is slightly 
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leading 0.98 due to the large line capacitor used (see Table 3-2). When the d-axis stator 

current method is enabled, enough d-axis stator current of 0.217 p.u. is injected to the 

machine for power factor compensation. As a result, the power factor changes from 0.98 

(leading) to unity as shown in Fig. 3-11. 
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Fig. 3-7 Steady-state performance of the drive with PFC method 

 with fan-type load. 

Fig. 3-9 illustrates the performance of the drive at light load condition with the 

proposed line power factor compensation. A large d-axis stator current 0.465 p.u. is 

injected into the machine by the proposed method for the input power factor compensation, 
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as shown in Fig. 3-9(b). This d-axis stator current boosts the dc-link current from 0.234 p.u. 

to 0.513 p.u., and thus provides enough rectifier current 
wI   to compensate the reactive 

capacitor current. As can be seen from Fig.3-9(b), the line current is in-phase with the 

phase voltage and a unity power factor is achieved. 
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Fig. 3-8 Drive waveforms without the proposed input power factor compensation                        

at light load condition. (Vg 100V/Div, Iin  5A/Div, wI   10A/Div) 
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Table 3-1 MV CSC-fed Non-Salient PM drive System Parameters 

Parameters Data 

System Ratings 

Power 2.44 MW 

Voltage 4000 V 

Current 490 A 

Grid/Motor Freq. 60/53.3 Hz 

Motor Parameters 

d-axis synch. ind. 9.8mH (0.697pu) 

q-axis synch. ind. 9.8mH (0.6976pu) 

Stator Resistance 0.024Ω (0.03pu) 

Number of Poles 8 

Rotor Magnet Flux 9.75web (0.72pu) 

Converter Parameters 

Grid-side Cap. 281µf (0.5pu) 

Motor-side Cap. 190µf (0.3pu) 

Grid-side Line Ind. 2.72mH (0.218pu) 

DC Link Ind. 16.25mH (1.3pu) 

Switching Freq. 540 Hz 

 

Table 3-2 LV System Parameters 

Parameters Data 

System Ratings 

Power 6.5 kW 

Voltage 230 V 

Current 16.3 A 

Grid/Motor Freq. 60/77.5 Hz 

Motor Parameters 

d-axis synch. ind. 3.3mH (0.197pu) 

q-axis synch. ind. 7.3mH (0.436pu) 

Stator Resistance 0.25Ω (0.03pu) 

Number of Poles 6 

Rotor Magnet Flux 0.38web (0.97pu) 

Converter Parameters 

Grid-side Cap. 185µf (0.57pu) 

Motor-side Cap. 120µf (0.4pu) 

Grid-side Line Ind. 4.71mH (0.218pu) 

DC Link Ind. 28.1mH (1.3pu) 

Switching Freq. 600 Hz 
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Fig. 3-9 Drive waveforms with the proposed input power factor compensation 

at light load condition. (Vg 100V/Div, Iin 5A/Div, wI 10A/Div) 

 

It should be noted that the q-axis stator current component has been reduced while the 

d-axis stator current component has increased due to the proposed method, as shown in 

Figs. 3-10 and 3-11. This can be explained as follows: since the IPM machine type is used 

in the test, the increase in d-axis stator current produces the reluctance torque component of 

the machine torque, which causes a reduction in the required q-axis stator current that 

participates in the magnet torque component. 



85 
 

 

0.03 0.035 0.04 0.045 0.05

0 0.1 0.2 0.3 0.4 0.5
-5

0

5

10

15

20

Vg

Iin

(a)

(b)

i (A)

t (sec)

t (sec)

Iqs

Ids

 

Fig. 3-10 Drive waveforms without the proposed input power factor compensation 

at heavy load conditions. (Vg 100V/Div, Iin 10A/Div, wI 10A/Div) 
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Fig. 3-11 Drive waveforms with the proposed input power factor compensation 

at heavy load conditions. (Vg 100V/Div, Iin 10A/Div, wI 10A/Div) 

3.6 Conclusions 

A control scheme for the PWM CSC-fed PMSM drive system with input power factor 

compensation has been proposed. Unlike previous power factor compensation schemes, the 

proposed approach is based on the motor d-axis stator current control in the field oriented 
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control of the drive system and does not require an online modulation scheme for the 

rectifier and/or the inverter. As a result, Selective Harmonic Elimination (SHE) modulation 

patterns can be implemented on both the rectifier and inverter to minimize drive switching 

losses. The effectiveness of the proposed method is verified by theoretical analysis and time 

domain simulation results. Results have shown that with properly designed filter capacitors, 

the proposed d-axis stator current can effectively regulate the input power factor to be unity 

in the entire speed ranges. 

The main feature of proposed method is that it does not require modulation index 

control within the PWM modulation scheme, and therefore the SHE modulation scheme 

can be used with only a delay angle control. This can give the proposed scheme additional 

advantages over the other methods, including: 

1. Suppression of the LC resonances due to the elimination of low-order harmonics such as 

the 5
th

 and 7
th

 harmonics, that may excite the LC resonances;  

2. Reduced switching and harmonic losses due to the elimination of dc current bypass 

operation and reduced switching frequencies; 

3. Minimal harmonic distortion as the SHE scheme eliminates the low-order harmonics; 

and 

4. A simplified control scheme that does not require an additional PI controller.  

The effectiveness of the proposed control method is evaluated by analytical and time 

domain simulation results.  
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Chapter 4  

Sensorless Zero/low Speed Control Using 

Pulsating High Frequency Injection Method 

 
In many PM drive applications, field-oriented control (FOC), or vector control is 

employed. Therefore, information regarding the rotor flux position and rotor speed are 

required. In general, these feedback signals come from feedback devices mechanically 

coupled to the rotor such as an encoder and resolver. However, in most applications, the 

presence of these devices presents several disadvantages, such as reduction of reliability, 

additional cost and sensitivity to noise and vibration. Consequently, with all the above 

mentioned sensor limitations, the PM drive might be restricted from many applications. 

Different sensorless methods have been developed in order to remove the sensor from the 

drive. However, the operation with sensorless at zero and low speed is still a challenge in 

most industrial applications.  

The main objective of this chapter is to propose a sensorless control method for low 

and zero speed operation for the high-power medium voltage pulse-width-modulated 

current-source-converter fed PM motor. The proposed method is based on the HF injection 

approach. The general injection approach and different injection methods are first 

reviewed. A pulsating injection control scheme is then proposed for the current source 

converter-fed interior permanent magnet motor. The challenges of a conventional FOC 



89 
 

control scheme, low switching frequency, dc-link inductor and filter capacitor of the CSC-

fed IPM drive are addressed. Then a modified FOC scheme with multisampling SVM 

modulation is introduced to overcome the above-mentioned challenges. The detailed study 

led to propose a general guide for the HF signal design for the CSC-fed PM machine. A 

time domain simulation for a high-power medium voltage drive is carried on to verify the 

proposed low/zero speed sensorless method.   

4.1 Introduction to Sensorless Signal Injection Method 

As mentioned before, several algorithms have been suggested in recent literature to 

achieve sensorless operation. Back-electromagnetic-force (EMF) or the machine model-

based rotor angle estimator method, is considered one of the sensorless approaches. This 

approach can provide dynamic performance similar to the actual sensor. These methods 

work reasonably well at medium and high speeds (above 3% of nominal speed motor 

operation), but as the speed decreases, their performance deteriorates. The uncompensated 

inverter nonlinearity and stator resistance variations lead to unsatisfactory operation or even 

instability at low speed. Furthermore, at zero speed operation, the terminal stator voltage is 

zero. Therefore, the sensorless algorithm, based on the machine model, fails regardless of 

the algorithm’s superiority. Since the design of model-based sensorless methods depends 

on the machine parameters of the machine, these methods are parameter sensitive. 

Therefore, the main limitations of the model-based sensorless control methods can be listed 

as 

 Zero and low speed operation is not possible; 

 Speed and position estimation is parameter sensitive. 
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 In order to overcome the limitations of the machine model-based sensorless methods at 

zero and low speed operation, another approach based on anisotropic property (such as the 

machine rotor saliency) of the machine can be used [38, 59-63]. This approach requires the 

following  

 Trackable magnetic anisotropy (unsymmetrical machine property) 

 Applicable signal injection present throughout the operating range 

In this approach, a persistent signal is injected into the machine along with the 

fundamental excitation in order to use the anisotropic property that contains information 

about the rotor position, which enables the sensorless control of the machine at zero and 

low speed operation. Usually, the much higher frequency and low amplitude injected signal 

results in the fundamental behavior of the machine being little changed. 

The anisotropy of the machine can be caused either by saliency of an interior magnet 

rotor such as the IPM motor saliency, and/or by the saturation of the stator iron [62, 64-66]. 

The latter is dominant in surface mount magnet machines. In general, the IPM machine has 

superior performance with the application of sensorless high-frequency injection methods 

as it has a high inductance saliency ratio. 

Numerous high-frequency injection techniques for vector controlled voltage-source-fed 

IPM motor drives have been reported in recent literature. However, similar approaches for 

high-power medium-voltage Current Source drives have never been explored [67]. 
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4.2 Technical Challenges of HFI Method with CSC-fed Drive 

System 

Almost all existing HF injection-based sensorless control schemes have been applied to 

the VSC-fed drive system with low and medium power applications. In most of the 

literature surveyed [68-71], the frequency of the injection sinusoidal signal is 500 Hz and 

higher. The high switching frequency of the VSC-fed drive system (at low and medium 

power application) ensures proper discretization of the above-mentioned range of HF 

injected signal. In addition, in the VSC-fed drive; the inverter is connected to a fixed dc-

link voltage provided by an independent voltage-source rectifier. In this case, the injected 

HF signal will be directly controlled through the inverter. For the reasons outlined above, 

the sensorless HFI method ensures good performance with the VSC-fed drive system.  

However, in the CSC-fed drive which has a different topology (output capacitors at the 

output of the inverter and large dc inductance in the dc-link), and operates at low switching 

frequency, the injection method could be a challenge. The large filter capacitor and the low 

switching frequency might complicate the design and generation of the injection high-

frequency signal. In addition, in a conventional current-source-converter fed drive system, 

the output current of the inverter is controlled through the rectifier with a variable dc-link 

current. Therefore, the low dynamic response of dc-link current through the dc-link 

inductor may be another challenge.  

Fig. 4-1 shows two possible methods for injecting the high-frequency into the CSC-fed 

drive system. The first possible solution is to use an external injection circuit at the output 

terminals of the inverter to make sure there is a proper injection signal at the machine 

[62,72] as shown in Fig. 4-1. However, this can increase the size and the cost of the 
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converter.  Therefore, developing an injection control scheme of high-frequency signal 

through the current-source-inverter (as shown in Fig. 4-1) can offer significant benefit in 

the high-power medium-voltage drive system. 
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Fig.4-1 Current Source drive with two injection option, through external circuit and 

through the inverter 

4.3 Saliency and Saturation in PMSM Machine 

The permanent magnet machine can be designed to be either salient or non-salient. 

Imbedding the magnets into the rotor of interior PM machine provides a more mechanically 

robust rotor compared to a rotor with magnets mounted on the surface. A rotor constructed 

in this way also results in a rotor q-axis inductance that is larger than the d-axis inductance. 

The flux in the d-axis of the motor must cross the magnet air-gap as well as the physical 

air-gap, whereas the q-axis flux can take a path through the pole face of the motor, 

requiring the flux to only cross the physical air-gap. This results in a rotor q-axis inductance 

that is greater than the d-axis inductance [56,73]. The large ratio between q-axis and d-axis 

inductance (saliency ratio) of the IPM machine makes the IPM machine a natural candidate 



93 
 

for the high-frequency-based sensorless control methods. On the other hand, surface mount 

PMSM are not deliberately designed to be salient, which means high-frequency-based 

sensorless control can be much more complicated in terms of detecting some saliency in 

this machine.  

The salient nature of the IPM machine and consequently their suitability for sensorless 

control can be strongly affected by the operating conditions. Fig. 4-2 shows the q-axis and 

d-axis inductance of the IPM motor with the change of the stator current. As shown, the 

change in the d-axis inductance can be neglected. This can be explained because the 

saturation in the d-axis normally occurs due to the magnet and does not significantly 

change when the fundamental current changes. However, the q-axis inductance can vary 

across a wide range as the operating conditions change, as shown in Fig. 4-2. The end result 

is that the salient behavior of the machine seen by the high-frequency signals can 

dramatically change with the operating point. Two effects can be distinguished: a reduction 

of the saliency ratio, and the movement of the minimum reluctance axis away from the 

magnetic d-axis because of cross saturation. Both effects will result in deterioration of 

sensorless control and often instability unless compensating strategies are adopted. 

Therefore, a test for magnetic saliency for the machine is considered mandatory for the 

high-frequency injection method to ensure enough range in the operating conditions in the 

d-q axis so that the machine remains salient.   
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Fig.4-2 q-axis and d-axis inductance of the IPM motor with the change of the stator current 

4.4 Types of High-Frequency (HF) Injection Signals 

4.4.1 PWM Excitation 

The estimation of the rotor position at low and zero speed requires a persistent 

excitation in the machine. Instead of injecting a special test signal, the high-frequency 

content of the switching waveform in a pulse-width-modulation controlled drive system can 

be used for the same purpose [62]. This injection signals do satisfy the persistent excitation 

requirement. However, this approach may not be visible for the CSC-fed IPM drive system. 

The main limitation of using this type of HF signal with the CSC-fed IPM drive system is 

that the output capacitor filter can damp the switching frequency harmonic (between 540 to 

600 Hz) level dramatically and therefore make it hard to reach the motor and then detect its 

response. 

 



95 
 

4.4.2 Rotating Vector Excitation 

Fig. 4-3 shows the vector diagram representation of the rotating vector excitation 

method. As shown in the vector diagram, a high frequency rotating vector (voltage or 

current) injected into the fundamental component (voltage or current) of the machine. The 

injection of this high frequency signal generates two rotating components at the machine 

terminal. One component rotates at the negative sequence and the other rotates at the 

positive sequence. In the estimating process, the negative sequence is extracted because it 

contains the rotor position information, while the positive sequence component does not 

contain the position information and therefore is eliminated from the process by using 

certain filters. 
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Component

Nagative sequence 

Component

e

h

h

h

axis 

axis 

 

Fig. 4-3 Vector diagram representing the rotating vector excitation method 

Fig. 4-4 shows the implementation of the rotating vector excitation method in the FOC 

control scheme of the CSC-fed PM drive system. As can be seen, the conventional FOC 

control scheme is modified to inject the rotating three-phase balanced HF sinusoidal signal. 
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 The investigation of this method with the CSC-fed drive system shows that this method 

requires more filters for detecting the HF response. Moreover, the nature of injecting the 

rotating signal with the latency of the filters can reduce the dynamic performance of this 

injection method. This may cause unstable operation, especially at sudden full load 

changes. In addition, injecting a rotating signal can excite both the d-axis and q-axis 

fundamental current components. This can affect the fundamental torque and cause more 

torque ripples.   
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Fig. 4-4 Conventional FOC control scheme of CSC-fed PM drive system with three phase 

HF rotating signal Injection 

 

4.4.3 Pulsating Vector Excitation 

This algorithm is based on pulsating vector excitation. This algorithm excites the motor 

by injecting a pulsating sinusoidal high frequency signal into the estimated rotating 

reference frame of the fundamental component of the motor. The purpose of injecting this 
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high frequency signal is to excite the high frequency impedance of the motor, which 

contains position information. This impedance can thereafter be measured and processed 

for extracting the estimated rotor position. Fig. 4-5 shows the vector diagram of the 

pulsating method principle. As can be seen, a high frequency pulsating signal is injected in 

the estimated rotor reference frame. Then, the error θerr between the actual and the 

estimated rotor position will be estimated and controlled to zero to achieve the actual rotor 

position. More details will be provided in the following sections. 
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Fig. 4-5 Vector diagram representing the pulsating vector excitation method 

Fig. 4-6 and Fig. 4-7 show the two possible proposed pulsating signals for the CSC-fed 

PM drive system. As can be seen from the figures, the pulsating high frequency sinusoidal 

signal can be injected into the d-axis or q-axis estimated stator rotating reference frame of 

the machine in the FOC control scheme. However, it is found that the injection into the q-

axis component can impact the fundamental torque component and produce more pulsating 

torque and noise. Therefore, the injection on the d-axis seems more visible compared to 

other injection schemes. More details about this method will follow in the next sections. 
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Fig.4-6 Conventional FOC control scheme of CSC-fed PM drive system with q-axis HF 

pulsating signal 
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Fig. 4-7 Conventional FOC control scheme of CSC-fed PM drive system with d-axis HF 

pulsating signal 

 

4.5 High Frequency Model of CSC-fed PM Drive 

The simplified CSC-fed IPM drive can be modeled by an ideal DC current source 

(which simplifies the PWM rectifier model), a current source inverter, three-phase AC 

capacitors, and an IPM motor. The magnetic saturation and cross-coupling saturation effect 
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of the IPM motor are ignored. Also, the stator resistance and inductances are assumed 

constant. With these assumptions, the voltage equations of the IPM motor and the output 

AC filter capacitors on the actual rotor reference frame are depicted as follows 

      
0r r r r

ds s d r q ds

r r r r
r fqs r d s q qs

v R L p L i

v L R L p i





        
        

            

    (4-1) 

     
0 1/ 0

0 0 1/

r r rr
ds ds cdr

r r rr
qs qs cqr

v v iC
p

v v iC





       
        

             

    (4-2) 

 

where 
sR is the armature winding resistance, r

dL and r

qL are the d-axis and q-axis inductances, 

f is the flux of the permanent magnet, r

dsv and r

qsv are the d-axis and q-axis stator voltages, 

r

dsi and r

qsi are the d-axis and q-axis stator currents, p is the differential operator, C is the 

output AC capacitor of the drive, r

cdi  and r

cqi  are the d-axis and q-axis capacitor currents, and 

r is the electrical angular velocity of the rotor. 

Considering only a sinusoidal high-frequency component of frequency 
h is injected 

into the drive, the speed 
r  related component of (4-1) and (4-2) can be neglected if the 

frequency of the injected component 
h  is sufficiently higher than the speed frequency 

r

as only the time derivative terms are proportional to the high-frequency component. Based 

on this assumption, the high-frequency components of the voltage equations of (4-1) and 

(4-2) in the actual rotor position can be expressed as (4-3) and (4-4).  
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The high-frequency components of voltages, currents and parameters in (4-3) and (4-4) are 

depicted with a subscript h . The steady state representation of equations (4-3) and (4-4), 

using the injection high-frequency current signal of frequency
h can be illustrated as (4-5) 

and (4-6). 
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From the equations above, one can construct the simplified high-frequency equivalent 

circuit diagram of the CSC-fed IPM drive in the actual rotor reference frame, as shown in 

Fig. 4-8. As can be seen from the circuit, the d-axis and q-axis circuits are decoupled in the 

actual rotor position. Therefore, the high-frequency mathematical representation of the 

simplified CSC-fed IPM drive can be represented as 

        
0

0

r r r

dsh dh dwh

r r r

qsh qh qwh

v Z i

v Z i

     
     

          

      (4-7) 

where r

dwhi  and r

qwhi  are the high-frequency components of the inverter currents and, 
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In HF pulsating sensorless operation, because the actual rotor position is unknown, the 

estimated rotor reference frame is used instead of the actual rotor reference frame. 

Therefore, the voltage equation in (4-7) should be derived based on the estimated rotor 

reference frame. This can be achieved by transforming the voltage equation in (4-7) to the 

estimated rotor reference frame as  
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Equation (4-8) represents the simplified high-frequency mathematical model of the 

CSC-fed IPM drive system in the estimated rotor reference frame. The voltages and 

currents in the estimated rotor reference frame are depicted with a superscript r̂ . f and ˆ
f are 

the actual and estimated rotor flux angles. As can be seen, the components of the matrix 

impedance are related to the rotor position error err . In addition, different from the 
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impedance matrix of the actual rotor position in (4-7), the matrix impedance in the 

estimated rotor position has coupling components between the q- and d-axes. These can be 

zero when the rotor position error becomes zero. In this case, the estimated angle is equal to 

the actual rotor position. It will be shown later that the actual rotor position can be 

estimated by controlling the rotor position error of the high-frequency coupling impedance 

component to zero. 
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Fig. 4-8 Simplified HF equivalent circuit diagram of the CSC-fed IPM drive in the actual 

rotor reference frame. 
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Fig. 4-9 Block diagram of the proposed CSC-fed IPM drive system. 

4.6 Proposed HF Sensorless Scheme for the CSC-fed IPM drive 

 4.6.1 Injection Scheme 

Apart from the injection control scheme (represented by the dotted block and injected 

high-frequency (HF) signal), Fig. 4-9 illustrates the block diagram of the typical CSC-fed 

IPM drive system and its FOC control scheme. The drive system consists of a PWM CSR 

and a PWM CSI. In the control scheme, selected harmonic elimination (SHE) modulation is 

used in the grid side. In case of the inverter control, SHE is also employed at medium and 

high speed. However, a conventional space vector modulation (SVM) with fixed-unity 

modulation index ( 1am  ) and controlled phase angle is usually employed at low speed 

operation [74].  
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Fig. 4-10 Proposed FOC controllers of the CSC-fed IPM drive. 

Fig. 4-10 shows the details of the proposed FOC controller. The output of the speed 

controller is the estimated q-axis stator current reference which directly controls the magnet 

torque component of the machine. The estimated d-axis reference is calculated from the 

estimated q-axis current for maximum torque per unit ampere (MTPA). After the motor-

side capacitor current compensation, using r̂

cdi and r̂

cqi calculated currents, the reference 

inverter currents in the estimated synchronous d-q frame are obtained, which then generate 

the desired dc-link current *

_dc compi , and the inverter switching angle 
w which is oriented to 

the estimated rotor flux angle ˆ
f .  The two signals *

_dc compi and 
w represent the output signals 

of the inverter FOC control. By controlling *

_dc compi and 
w , the magnitude and frequency of 

the output current are regulated respectively. It should be noted here that in the 

conventional FOC control scheme * *

_dc dc compi i and there is no am control. 

 In order to extract the rotor position information from the coupling impedance in (4-8)     

for low and zero speed operations, a high-frequency sinusoidal signal is required to be 

injected into the machine. In general, the high-frequency signal can be generated via either 
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dedicated circuitry or the same inverter that produces the fundamental component. The 

inverter is the preferred generator, based upon cost and reliability. This means that only 

changing the software can generate the high-frequency current signal, and there is no need 

to change the hardware configuration. In the VSC-fed drive, sinusoidal high-frequency 

voltage or current can be injected into the estimated rotating reference frames in the control 

scheme for the HFI sensorless method. However, in CSC-fed drive, the typical FOC control 

scheme, shown in Fig. 4-10, is different from the VSC control scheme where stator voltage 

reference does not exist in the CSC FOC control scheme. Therefore, only high-frequency 

sinusoidal current signal injection is permitted for the typical CSC-fed IPM drive system. 

As can be seen in Fig. 4-10, the proposed high-frequency injection method is based on 

injecting a pulsating sinusoidal high-frequency current signal on the fundamental estimated 

d-axis stator current component in the FOC control scheme. More details about the high-

frequency signal design will be provided in next section. 

 In the rectifier control side, the dc-link current command *

_dc compi at the output of the 

inverter FOC control scheme is normally used as a reference for the rectifier dc-link current 

feedback controller. This controller consists of PI-controllers and filters for removing 

switching harmonics. The output of the PI-controller is the average dc-link voltage 

reference, which subsequently generates the switching delay angle 
rec for the rectifier. It 

should be noted here that the amplitude of fundamental output current and the high-

frequency injected sinusoidal current signal will be controlled through the dc-link current 

controller. However, due to rectifier control loop filtering and the phase delay caused by the 

large dc-link inductor, the injected high-frequency current signal can not be adequately 
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controlled. This results in system instability because of the large error in the rotor angle 

estimation.      

 To overcome the above-mentioned problem, modulation index 
am control in the 

inverter FOC control scheme is proposed for low and zero speed operation, as shown in 

Fig. 4-10. This can improve the dynamic performance of the injected signal by controlling 

it through the inverter. As can be seen, by dividing the dc-link current command *

dci by the 

actual current 
dci , the 

am can be calculated and controlled. Ideally, the modulation index 

should be equal to one, as the dc-link command is equal to the actual dc-link current (

* / 1a dc dcm i i  ). However, due to phase delay in the filtering process in the rectifier control 

loop and the large dc-link inductor, part of the high-frequency signal will appear in the 

modulation index signal.  

 Since the maximum limit of the modulation index signal is equal to one (
_ max 1am  ), the 

modulation signal will be clamped. This causes a large error in the estimated rotor angle 

and causes system instability. To solve this problem, dc-link current compensation
_ compI , 

shown in Fig. 4-10, is introduced to avoid the saturation of the modulation signal by 

making the actual dc-link current larger than the generated dc-link command *

dci  and, 

therefore, the modulation index signal is always less than one. It should be noted that the 

value of the compensated dc-link current signal could be in the range between zero and the 

peak of the HF-injected signal. This can be decided depending on the amount of HF 

signal’s delay through the rectifier control loop and the dc-link inductor. In this thesis, the 

compensation dc-link current signal is designed to be 60 % of the HF peak signal to ensure 

proper and stable operation. 
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4.6.2 Rotor Angle Estimation Using HFI 

As mentioned earlier, to extract the position information from the cross-coupling 

impedance in (4-8), only current signal injection is possible in the CSC-fed IPM drive 

system. Based on this restriction, information about the measured voltage has to be 

processed for rotor position estimation. Fortunately, stator voltage sensors in the CSC-drive 

system are part of the system. Additional filters for PWM harmonics of voltage signals are 

not required because the CSC filter capacitors eliminate these harmonics. Therefore, this 

section considers a method based on processing the voltage response information of a high-

frequency current injection signal for rotor position estimation. 

In more detail, to obtain voltage and current relationship through the cross-coupling 

high-frequency impedance in the CSC-fed IPM drive, a high-frequency pulsating current 

signal is injected in the d-axis estimated reference frame as in (4-9) and a measured high-

frequency q-axis voltage component is processed for the rotor position estimation. 

         

ˆ

ˆ

cos

0

r

ds h h

r

qs

i I t

i

   
   

    

        (4-9) 

It should be noted that in the CSC FOC control scheme, the fundamental d- and q-axis 

steady state components of the capacitor current are usually compensated to achieve 

accurate control.  The steady state compensated capacitor currents can be calculated at the 

estimated reference frame, using (4-2), as follows 
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Therefore, the stator currents command components are different from the inverter current 

command components as shown in Fig. 4-10. However, at low speed operation, the d-axis 

capacitor compensation current signals are very small and can be neglected. Therefore, the 

d-axis and q-axis components of the stator currents and the inverter currents can be 

approximated to be equal  ( ˆ ˆ* *r r

ds dwi i and ˆ ˆ* *r r

qs qwi i ) at low speed operation. Based on this 

assumption and using (4-8) and (4-9), the q-axis high-frequency stator voltage component 

in the estimated rotor reference frame can be expressed as in (4-11) 

       
ˆ

( sin 2 ) cosr

qsh diff err h hv z I t         (4-11) 

Since the inductance part of the impedance 
diffZ  in (4-11) is the most effective part at 

high frequency, the resistive term of the impedance can be ignored. Based on this 

assumption, the voltage equation of (4-11) becomes 
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2 2
( )sin 2 sin

2 1 1
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h qhr h h dh

qsh err hr r r r

h qh h h dh h
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v t
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    (4-12) 

It is very clear from (4-12) that the rotor position estimation error 
err is amplitude 

modulated in the high-frequency q-axis voltage component. By demodulating the rotor 

position estimation error signal from (4-12) and controlling it to zero, the rotor position 

angle and speed can be estimated. 
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Fig. 4-11 shows the block diagram of the signal processing (demodulating process) 

method and the rotor position/speed estimator. As can be seen, the three phase stator 

terminal voltages of the machine are first measured using voltage sensors. From measured 

voltages, the q-axis voltage component in the estimated synchronous frame is calculated 

using an abc/dq coordinate transformation oriented at the estimated rotor angle position. 

Now, in order to obtain the rotor position estimation error, the signal processing                  

method, consisting of BPF, multiplication, and LPFp (as shown in Fig. 4-11)  is  used as 

follows  

 A band-pass filter (BPF) with a center frequency of  
h is used to extract the high-

frequency component from the q-axis stator voltage component in the estimated rotor 

reference frame. 

 Multiplication by sin ht is used for demodulating purpose. The results of the 

multiplication are two components, a dc-component and a second order harmonic high-

frequency component. 

 A low-pass filter (LPFp) with cut-off frequency in the range of 5-10 times larger than 

the rotor angle estimator bandwidth is used to eliminate the second order harmonic 

term in the obtained signal. 

The mathematical details of the above mentioned signal processing method for 

extracting the rotor position estimation error are as follows: 
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Assuming that the estimated rotor position error is small, (4-13) can be approximated as 
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where 
2 2

( )
1 1
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is the signal injection response gain. 

As mentioned earlier, to estimate the rotor position and speed, the error signal ( )err   

must be controlled to zero. This can be achieved using the estimator shown in Fig. 4-11. As 

can be seen, the rotor position estimator consists of a PI-controller and integrator. The 

closed-loop transfer function of this estimator from the actual rotor position to the 

estimated position can be expressed as in (4-15) 

        1 2

2

1 2

ˆ
f

f

k s k

s k s k








 
       (4-15) 

where the estimator open loop transfer function is ( ) (1/ )( / )p iG s s k k s  ; 
1 err pk k  and 

2 err ik k . The PI-parameters 
pk and ik  of the estimator can be simply designed by selecting 

proper bandwidth for the estimator.  
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Fig. 4-11 Block diagram of the sensorless signal processor method and the rotor 

angle/speed estimator 

 

 In this thesis, the estimator is tuned for a 100 Hz bandwidth. This bandwidth gives fast 

response in the estimated speed and rotor angle position under dynamic load changes. To 

estimate the rotor speed, the output of the PI-controller in the rotor position estimator is 

directly used to estimate the rotor speed. A low-pass filter (LPFs) is used to reduce the 

ripple in the estimator rotor speed. The cut-off frequency of the speed estimator low-pass 

filter is set to 100 rad/sec. 

It is worth noting that in the CSC-fed IPM drive, in addition to the motor inductances, 

filter capacitor C plays an important role in the rotor position estimator design and therefore 

in the estimator dynamic response, as it is part of the gain errk . Additionally, although the 
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values of the estimated d- and q-axis inductances are affected by the saturation, this does 

not influence the accuracy of the rotor angle estimation since these values are just gains of 

the estimator and their changes may have only a small impact on the rotor position 

estimation dynamic. 

4.7 Proposed PWM Modulation Scheme  

As mentioned earlier, one of the major challenges of injection through the inverter is 

the low ratio between sampling frequency and the injection signal frequency. One possible 

solution to this problem is to perform the injection at the output terminal of the inverter 

using an extra hardware device. However, this increases the cost and reduces the reliability 

of the drive system. Another solution could be to increase the switching frequency. 

However, this will increase the switching loss of the drive. In this section, a modified PWM 

modulation scheme is proposed to avoid the abovementioned challenges and achieve 

visible operation for the high frequency injection sensorless scheme. 

In general, to implement the SVM modulation scheme, a counter with a maximum 

value of 
sT  repeatedly counts from zero to 

sT  for each counter period, where 
sT  is the 

sampling period. The real time value of the counter is compared with the calculated 

dwelling times 
1T  and 

1 2T T  to generate the vectors 1I , 2I  and oI as shown in Fig. 4-12(a). In 

the conventional SVM, dwelling time 1T  and 2T  are calculated once and are then kept fixed 

within one counter period. Fig.4-12(a) shows the use of the conventional SVM modulation 

method with the injection of 300 Hz at an operating frequency of 1 Hz and 600 Hz 

switching frequency. As shown in Fig. 4-12(a), the counter generates the vector 1I  at the 
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beginning of the each sample period. Once the counter value reaches above
1T , the second 

vector 
2I is generated. The zero vector oI is then chosen if the counter value increase is 

higher than
1 2T T . It is very clear that the discretization of the injection signal is very poor, 

causes a distortion for the injected high-frequency current signal and the high-frequency 

voltage response of the injected signal as well. As a result, a large error is created in the 

rotor angle estimation, leading to system instability. 

Fig.4-12(b) shows the proposed MS-SVM method for the injection method in which 

the dwelling time calculation is still based on the same counter period 
sT  as the 

conventional SVM, while the sampling of the vector angle and calculation of 
1T  and 

1 2T T  

are performed multiple times with a multisampling frequency of 1/ms msf T during the 

sampling frequency (counter frequency) 1/s sf T . This method is first introduced in [75] to 

attenuate the fifth and seventh order harmonics of the fundamental output current. 

However, the purpose of using the multisampling SVM with the sensorless injection 

method is to improve the sinusoidal high-frequency injected waveform and, therefore, the 

rotor angle estimation. The ratio between the multisampling frequency 
msf  and the 

sampling frequency 
sf can be defined as /ms ms sSR f f . As shown in Fig.4-12(b), where

4msSR  , the values of 
1T  and 

1 2T T  gradually change, reflecting the updated injected signal 

in the vector reference angle. As a result, the proposed MS-SVM scheme can be considered 

to be an indispensable approach for the injection scheme for achieving visible sensorless 

operation at zero/low speed for the CSC-fed IPM drive system. 
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4.8 High-Frequency Signal Design 

4.8.1 Effect of Filter Capacitor 

The output filter capacitor can be considered as one of the main challenges with the 

sensorless high-frequency injection method. Normally, a high-frequency of 500 Hz is used 

in many literatures with application of VSI-fed drive system. The author of this thesis 

found that injection method with this range of frequency is not visible when it applies to the 

CSI-fed IPM drive system as the high frequency signal is damped by the large filter 

capacitor. Therefore, more investigation is carried out to determine a suitable frequency 

range for the current–source-converter fed IPM drive. 

To examine the effect of the output capacitor filter on the selection of high-frequency 

signal injection, the frequency responses of the system are investigated for the drive system 

parameters shown in Table 4-1. Two important transfer functions, /d dwv i and /q dwv i  are 

derived first and their responses are studied using Bode plots. By converting (4-8) to a 

dynamic model, the transfer functions /d dwv i and /q dwv i  as a function of rotor position error 

err can be derived as 
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Fig. 4-12 SVM modulation scheme (a) Conventional SVM modulation method(b) Proposed 

MS-SVM modulation method 
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Fig. 4-13 shows the output d-q voltage responses with respect to the d-axis inverter 

current. Fig. 4-13(a) shows the Bode plot of inverter d-axis voltage response to inverter d-

axis current  ( /d dwv i ) for different rotor position errors 30 ,10 ,and 1o o o

err  . As can be seen, 

the filter capacitor creates two resonance frequencies with motor inductances 
dL  and

qL . It 

is very clear that with high error the response shows high q-axis resonance components 

because of the coupling between the d-axis and q-axis circuits. However, the q-axis 

resonance frequency vanishes as the error 
err reduces while the d-axis resonance is still 

visible without any change. It should be noted here that injecting a high frequency 

component close to the d-axis resonance frequency could amplify the output voltage and 

current response. Fig. 4-13(b) shows the Bode plot of inverter q-axis voltage response to 

the inverter d-axis current ( /q dwv i ) for different rotor position error 30 ,10 ,and 1o o o

err  . This 

response is important for the pulsating high-frequency injection method as the inverter q-

axis voltage 
qv is used for the demodulation process. In addition, this response has the 

information of the machine saliency. As can be seen, two peak resonances are visible and 

the overall response is damped with the reduction of rotor position error
err . Based on the 

system resonance frequencies, the response in Fig. 4-13 can be divided into three regions. 

These regions are Region 1: frequencies before the q-axis resonance frequency, Region 2: 

frequencies between the d- and q- axis resonance frequencies, Region 3: frequencies after 

the d-axis resonance frequency. As demonstrated below, injection of a high frequency 

signal in the  proper region can give accurate and stable rotor angle estimation.  
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4.8.2 Effect of Low Switching Frequency  

Normally, the switching frequency determines the number of PWM pulses of the 

fundamental stator current signal. In the high-frequency injection method, the injected 

current signal is modulated in the fundamental current signal of the CSC drive. With this 

arrangement, the switching frequency does not increase and the injected signal will be 

controlled within the PWM pulses of the fundamental current signal. Therefore, the number 

of PWM pulses that construct the high-frequency current signal 
hfn can be determined as

/hf sw hfn f f , where, 
swf and 

hff are the switching and injection frequency respectively. It 

should be noted that in order to maintain a flexible and controllable injection high-

frequency signal, a PWM modulation scheme with at least 2-pulses must be maintained. 

Therefore, the maximum injected high-frequency current signal for a certain system 

switching frequency can be achieved as
_ max / 2hf swf f .  
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Fig. 4-13  D-q axis voltage responses to inverter current (a) Inverter d-axis voltage response 

to the inverter d-axis current ( /d dwv i ) (b) Inverter q-axis voltage response to the inverter d-

axis current ( /q dwv i ) 
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4.8.3 Effect of Saturation 

 In an IPM machine, the effect of magnetic saturation in the q-axis is dominant. This 

can cause a reduction in the q-axis inductance as the load increases. Since the resonance 

frequency in CSI depends on the machine inductances, the resonance frequencies can be 

shifted according to the change of inductances of the machine with the load torque.        

Fig. 4-14 shows Bode plot of /q dwv i response of the CSC-fed IPM drive for no-load and full 

load condition. It is very clear that the frequency range around the q-axis resonance 

frequency can be affected, as the q-axis inductance changes with the load. However, the 

resonance frequency of the d-axis will not change because of the negligible change of the 

d-axis inductance. Therefore, the saturation effect can impact the high frequency response 

around the q-axis resonance during the load change. This can cause an unstable frequency 

region when detecting the high frequency response for the estimation process.  

-40

-20

0

20

40

M
ag

n
it

u
d
e 

(d
B

)

10
1

10
2

10
3

Frequency  (Hz)

No-Load

Full-Load

q-axis resonance 

freq.

d-axis 

resonance

freq.

 

Fig. 4-14 Inverter q-axis voltage response to the inverter d-axis current ( /q dwv i ) for two 

different q-axis inductances 
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4.8.4 General Design Guide  

It is important that the injection signal should be selected carefully in order to achieve 

feasible operation for the sensorless injection method. As mentioned earlier, the frequency 

range of the voltage response can be divided into three regions as shown in Fig.4-13. 

Selecting injection signal in the frequency range below the q-axis resonance frequency 

(Region 1) might be low frequency and can impact the fundamental torque of the system. 

Also, the frequency range between the two resonances (Region 2) might not be visible as it 

affected by the saturation as shown in Fig. 4-14. Therefore, the frequency range after the d-

axis resonance frequency (Region 3) can be considered the visible range to inject the high 

frequency signal.   

Now, if the excitation frequency is very close to the d-axis resonance frequency, the 

stator voltage and current may become unacceptably high. If the HF excitation frequency is 

far above the d-axis resonance frequency, the q-axis voltage response may become too low 

to be detected, and also the higher HF excitation frequency must be limited by / 2hf swf f . 

As a result, the high frequency injected signal range should be selected not very far and not 

very near to the d-axis resonance frequency. It is worth noting that with different motor 

inductances, the filter capacitor design of the CSC-fed drive can provide a degree of 

freedom for the design of the  injected signal frequency range. 
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4.9 Initial Rotor Position for CSC-Fed PM Drive 

 In the PM machine, where the rotor flux is independent of stator flux, the correct initial 

rotor position must be detected [29,31,76]. In order to explain the challenge of the initial 

rotor position in the PM machine, equation (4-1) is converted to a stationary reference 

frame as 

( cos 2 ) sin 2 sin

sin 2 ( cos 2 ) cos

s s
s f f fds ds

r fs s
f s f fqs qs

R p L L p Lv i

p L R p L Lv i

  


  

           
       

            

(4-17) 

From the stationary reference frame model of the salient PM machine in (4-17), two 

position dependent components are apparent. The first is the back-EMF component which 

is not available at zero speed. The second term is due to the saliency and is a second 

harmonic of the rotor position. While this term allows determination of the magnetic axis 

(as shown in the proposed injection HF method), it does not allow determination of 

magnetic polarity (north or south) [77-80]. This can be explained as in Fig. 4-15, which 

shows the relation between the rotor position and the spatial inductance variation. As can 

be seen, the inductance changes two times compared with the rotor position. Therefore, the 

estimated rotor position can show uncertainty of π electrical degree. This means that the 

zero-speed sensorless method proposed previously can track the pole location only, but 

cannot differentiate between the magnetic north and south i.e, it is unknown whether 

positive or negative torque will result. Therefore, for the PM machine, an additional 

algorithm is required to determine the magnetic polarity in order to overcome the 

unexpected reverse rotation at the  initial start. 
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Fig. 4-15 Relation between the rotor position and the spatial inductance variation 

4.9.1 Conventional Techniques 

 To solve the initial rotor position problem, different possible conventional initial 

position procedures for the PM motor are previously proposed such as the following [29]. 

 Open loop control. 

 Specific gate pattern. 

 Arbitrary starting. 

 

In the case of the open loop control procedure, the motor is started by an open loop control 

till the speed comes to a certain point at which time the rotor position estimation is 

possible. This starting method is effective with model-based sensorless methods at medium 

and high speed. 
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 Another approach for initial rotor position is by using specific gate pattern to generate 

sequence of dc-current vectors. While this method proved effective, it does not guaranteed 

alignment and it results in rotation of the motor shaft. 

 In the case of the arbitrary starting procedure, an arbitrary gate pattern can be applied 

to the motor for the initial rotor position. This method may cause a temporary reverse 

rotation. In the extreme case, a stable start cannot be achieved. 

4.9.2 Proposed Initial Rotor Position-based Stator Iron Saturation  

To solve the problems of the above-mentioned conventional methods, another 

approach based on the stator iron saturation has been proposed. Fig. 4-16 shows the 

polarity-dependent saturation in the d-axis for 4-poles IPM synchronous machine. The solid 

arrows represent the magnet and the dashed arrows represent the armature current flux. In 

Fig.4-16(a), the permanent magnet flux and the armature current flux vector direction are 

aligned. This will increase the stator saturation and decreases the inductance. In Fig. 4-

16(b), the permanent magnet flux and the armature current flux are 180 degrees out of 

phase. Since the inductance in the d-axis rotating frame is changed according to different 

magnetic polarity, the d-axis stator current is different as well. 

In case of polarity discrimination based upon the stator iron saturation, different 

techniques have been used over the years. Using separate positive and negative pulse 

techniques can produce torque (generate reluctance torque) and cause mechanical 

movement for the IPM machine [26,29,81]. Other methods that use second order harmonics 

[76,78,79] of the injected frequency is not visible when it applied to the current source 
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converter fed drive system as the output filter capacitor damps the second order component 

of the high frequency injected signal. 
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Fig. 4-16 Polarity-dependent saturation in the d-axis for 4-poles IPM synchronous machine. 

(a) permanent magnet flux and the armature current flux vector direction are aligned,        

(b) permanent magnet flux and the armature current flux are 180 degrees out of phase. 

  

Therefore, in this thesis, the same HF sinusoidal current signal that injected in the d-axis 

estimated rotor position is used for polarity discrimination. After injecting the HF current 

signal, the actual d-axis stator current is measured to identify the polarity of the magnet.  

Fig. 4-17 shows the principle of the proposed polarity discrimination method. As can be 

seen, the measured d-axis HF current signal has different positive and negative amplitude 

as the motor inductance is already saturated because of the magnet flux. Therefore, the 

north-pole can be determined if it is aligned with the d-axis stator current ( 0rq ). In this 
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case, the increase of the saturation makes the amplitude of the positive cycle of d-axis stator 

current component larger than that of the negative cycle of d-axis stator current.    

 Fig. 4-18 shows the overall proposed FOC control scheme with the proposed HF zero 

speed injection method. As can be seen, the proposed polarity discrimination method has 

been added to the scheme. The process of the polarity discrimination contains a high-pass 

filter to extract the high-frequency component of the d-axis current. Then, the maximum 

peak of the positive and negative of the output signal is calculated and compared. If the 

positive d-axis stator current component is larger than that of the negative d-axis current, 

the north-pole is aligned with the d-axis stator current ( 0fq ). If the positive d-axis stator 

voltage component is smaller than that of the negative d-axis current, the south-pole is 

aligned with the d-axis stator current ( fq p ). Therefore, an angle of π is added to the 

estimated rotor position to get the right rotor flux position as shown in Fig. 4-18. 

t

i



i

t

L
i






HF injected 

current 

HF current

response 

 

Fig. 4-17 Principle of the proposed polarity discrimination method 
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4.10 Time domain simulation of large drive  

 Simulation results obtained using Matlab/Simulink are provided in this section to 

demonstrate the performance and effectiveness of the proposed high-frequency injection 

sensorless method. Table 4-1 shows the system parameters of the medium-voltage high-

power 2.44 MW drive system used in the simulation. A high frequency of 200 A (around 

30% of the rated current), 200 Hz has been used in the injection scheme of the drive. The 

amplitude of the injected signal can be adjusted depending on the size of the filter 

capacitor. The selection of the amplitude of the injected signal is based on a capacitor size 

of 0.42 p.u. The amplitude can be reduced to 20% of the rated current if the size of the 

capacitor is reduced to 0.3 p.u. 

Table 4-1 MV CSC-fed Salient PM drive System Parameters 

Parameters Simulation 

System Ratings 

Power 2.42 MW 

Voltage 4000 V 

Current 485 A 

Grid/Motor Freq. 60/40 Hz 

Motor Parameters 

d-axis synch. ind. 9.0 mH(0.47pu) 

q-axis synch. ind. 22 mH(1.16pu) 

Stator Resistance 0.035 Ω(0.007pu) 

Number of Poles 12 

Rotor Magnet Flux 6.77 web(0.52pu) 

Converter Parameters 

Grid-side Cap. 281 µf(0.5 pu) 

Motor-side Cap. 350 µf(0.42pu) 

Grid-side Line Ind. 2.72 mH(0.218pu) 

DC Link Ind. 16.25 mH(1.3pu) 

Switching Freq. 540 Hz 
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Fig.4-18 Overall proposed FOC control scheme with the proposed HF zero speed injection 

method 

 Figs. 4-19 to Fig. 4-24 show the performance of the proposed high-frequency injection 

sensorless method with a step change load of 1 p.u. (57000 N.m) at zero and 0.47 Hz 

operating frequency. Fig. 4-19 and Fig. 4-20 show the estimated and the actual rotor angle 

at zero and 0.47 Hz operating frequency. As can be seen, the estimated angle follows the 

actual rotor angle position with a small error of around 3 degree (0.833%) at no-load and 5 

degrees (1.388%) at full-load. This error mainly appears as a result of magnetic saturation 

of the machine. One effective method for this error compensation is with a position 

correction term that is a linear function of the stator current.  
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Fig. 4-19 Estimated and actual rotor flux angle at 0.47 Hz operating frequency with step 

load change from no-load to full-load 
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Fig. 4-20 Estimated and actual rotor flux angle at zero operating frequency with step load 

change from no-load to full-load 
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Fig. 4-21 Stator current at zero and 0.47 Hz operating frequency with step load change 

from no-load to full-load 
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Fig.4-22 Stator voltage at zero and 0.47 Hz operating frequency with step load change from 

no-load to full-load 
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Fig. 4-21 and Fig. 4-22 show the stator current and voltage of the motor at zero and 

0.47 Hz. As can be seen, with proper selection of the HF current signal amplitude and 

frequency (200 A, 200 Hz), the stator voltage and current waveforms are within the 

operating rated values of the drive. In addition, with proposed ma control, dc-link current 

compensation, and the multisampling SVM, the HF injection current component signal has 

transferred and modulated properly through the inverter even with a large capacitor and low 

switching frequency of 540 Hz. 

Fig. 4-23 and Fig. 4-24 show the estimated and actual rotor speed at zero and 0.47 Hz 

operating electrical frequency during the step change load. It is observed that the estimated 

speed tracks the actual speed quite well during the load disturbances. It is evident from the 

dynamic performance that the proposed FOC and modulation scheme ensure proper 

transfer and dynamic for the HF signal, even with heavy load dynamic. This means that the 

proposed sensorless injection method of CSC-fed IPM drive is capable of persistent 

zero/low speed with a high dynamic load condition. It is very clear that the speed and rotor 

angle estimation waveforms have noticeable pulsation ,as shown in Figs. 4-20, 4-23 and   

4-24, due to the CSC nonlinearity and the un-modeled disturbances that appear during the 

demodulation process. However, the actual speed of the motor is smooth due to the inertia 

of the motor that works as a low pass filter to these pulsating frequencies. 
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Fig. 4-23 Estimated and actual speed at 0.47 Hz operating frequency with step load change 

from no-load to full-load 
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Fig. 4-24 Estimated and actual speed at zero operating frequency with step load change 

from no-load to full-load 

4.11 Conclusions 

In this chapter, a novel sensorless control scheme is proposed for a high-power 

medium voltage CSC-fed IPM drive system at zero/low speed operation. This control 
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scheme is based on the high-frequency sinusoidal injection method. Unlike the application 

of the HF injection method in VSI, the HF injection method of the CSC-fed IPM drive 

system requires modification of conventional FOC and SVM modulation schemes. 

Therefore, modulation index control with dc-link compensation in the FOC scheme is 

introduced to improve the slow dynamic of the injection signal through the rectifier 

controller and dc-link inductor, and to avoid any clamp in the HF signal. In addition, 

multisampling (MS-SVM) instead of conventional SVM is proposed to prevent the injected 

signal distortion resulting from poor discretization.  

The detailed analysis of the influences of the output filter capacitor, low switching 

frequency, and motor saturation on the HF injected signal led to propose general guide for 

the visible frequency range of the HF injected signal. The validity of the sensorless 

injection method in the medium voltage CSC-fed drive system is verified using a time 

domain simulation using high-power medium-voltage CSC drive system parameters. 

Results have shown that by using the proposed FOC scheme and multisampling SVM 

modulation scheme, and proper design of the high-frequency signal, an accurate rotor 

position angle can be estimated for zero/low speed sensorless operation of CSC-fed IPM 

drive system.  

The main contributions of this chapter can be summarized as follows. 

 A new control scheme based on a high frequency sinusoidal injection method is 

proposed for a zero/low speed sensorless high-power medium voltage CSC-fed IPM 

drive system. This includes the injection control scheme of the CSC drive and the 

speed/position estimator. 
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 The proposed sensorless control scheme can allow 100% rated torque at zero and low 

speed operation. 

 A multisampling PWM (MS-PWM) modulation scheme is proposed to prevent the 

injection signal distortion resulting from poor discritization. 

 A high-frequency mathematical model is developed for the high-power medium 

voltage CSC-fed IPM drive system. 

 Detailed analysis is performed to study the feasibility and the influences of the output 

filter capacitor, low switching frequency and motor saturation on the high-frequency 

(HF) signal injection method. 

 Proposed general guide for the visible frequency range of HF injected signal is created. 

 Systematic analysis and design are carried out for the rotor position/speed regulator.    

 An initial rotor position control method is proposed for high-power medium voltage 

CSC-fed IPM drive system. The same sinusoidal injected signal of the sensorless speed 

control is used. The main feature of this method is the simplicity in detecting the initial 

rotor position. 
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Chapter 5  

Experimental Verification 

 In this chapter, an experimental verification for the proposed power factor control 

method and the zero-speed high-frequency injection method is performed. The chapter 

starts with an explanation of the experimental prototype. Then the experimental results of 

the proposed methods are provided with their explanation.   

5.1 Experimental Prototype 

To experimentally verify the power factor compensation method and zero speed high 

frequency injection method that was proposed in the previous chapters, a scaled-down 

prototype of the current-source converter with a 6.5 kW IPM motor is used in the 

laboratory. The experimental prototype consists of a current source rectifier and an inverter 

in back-to-back configuration with a dc-link inductor connected between the two 

converters. Each of the rectifier and inverter bridges is composed of six ABB’s reverse-

blocking IGCT rated 6KV/800A each. Although high-power IGCTs are used, the power 

rating of the prototype is only 20kW at 208V. This is mainly due to the limitation of the 

three-phase power supply and personal safety issues in the laboratory. Fig.5-1 shows the 

experimental setup of the CSC-fed PMSM drive system. Parameters of the drive and the 

IPM motor are listed in Table 5-1.  
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The speed and position estimated results of the proposed method are compared with 

actual results measured by using a resolver mechanically connected with the IPM motor. 

The mechanical load in the test is applied by using a dc motor coupled mechanically with 

the IPM motor. This dc motor is controlled by dc drive in a torque mode operation.  In case 

of the zero speed sensorless method, the HF signal is designed to be 3A (13% of rated 

current), 300 Hz for the drive system parameters listed in Table 5-1. The drive control 

platform consists of a fixed-point DSP for control scheme realization and a field-

programmable gate array (FPGA) for gating and fault handling. 

 

 

Controller

CSI

DC Machine

IPM Machine

CSR

 

Fig.5-1 experimental setup of the CSC-fed PMSM drive system 
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Table 5-1 Experimental LV System Parameters 

Parameters Data 

System Ratings 

Power 6.5 kW 

Voltage 230 V 

Current 16.3 A 

Grid/Motor Freq. 60/77.5 Hz 

Motor Parameters 

d-axis synch. ind. 3.3mH (0.197pu) 

q-axis synch. ind. 7.3mH (0.436pu) 

Stator Resistance 0.25Ω (0.03pu) 

Number of Poles 6 

Rotor Magnet Flux 0.38web (0.97pu) 

Converter Parameters 

Grid-side Cap. 185µf (0.57pu) 

Motor-side Cap. 120µf (0.4pu) 

Grid-side Line Ind. 4.71mH (0.218pu) 

DC Link Ind. 28.1mH (1.3pu) 

Switching Freq. 600 Hz 

 

5.2 Verification of Power Factor Control Method 

Figs. 5-2 to 5-5 show the experimental results obtained from the CSC-scaled prototype 

drive system for power factor verification. In these results, two load conditions (light and 

heavy load condition) are tested to demonstrate the effectiveness of the proposed method. 

Some of the experimental results have been presented with simulation results to show the 

accuracy of the experimental implementation.  

Figs. 5-2 and 5-3 illustrate the steady-state performance of the drive with and without 

power factor compensation at light load condition. In Fig. 5-2, the motor is controlled using 

conventional ZDC without power factor compensation. In this case, the motor is operated at 
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0.262 p.u. speed and torque of 0.217 p.u. to emulate the light load condition. As can be 

seen, there is a large phase angle between the input current and the input phase voltage 

because of the large line capacitor 0.57 p.u. of the drive. This line capacitor draws 

significant leading reactive current (especially at light load and low speed) and results in a 

power factor of 0.248 (leading). 
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Fig. 5-2  Drive waveforms without the proposed input power factor compensation at light 

load condition. (Vg 100V/Div, Iin  5A/Div, wI   10A/Div) 
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Fig. 5-3 Drive waveforms with the proposed input power factor compensation at light load 

condition. (Vg 100V/Div, Iin 5A/Div, wI 10A/Div) 

 

Fig.5-3 illustrates the performance of the drive under light load condition with the 

proposed line power factor compensation. A large d-axis stator current 0.465 p.u. is 

injected to the machine by the proposed method for the input power factor compensation as 

shown in Fig. 5-3b. This d-axis stator current boosts the dc-link current from 0.234 p.u. to 
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0.513 p.u., and thus provides enough rectifier current wI   to compensate the reactive 

capacitor current. As can be seen from Fig.5-3b, the line current is in-phase with the phase 

voltage and a unity power factor is achieved. 

Figs.5-4 and 5-5 illustrate the performance of the drive under a heavy load condition 

(0.7 p.u. torque at 0.88 p.u. speed) with and without the proposed compensation method. 

Without the power factor compensation (using ZDC method), the power factor is slightly 

leading 0.98 due to the large line capacitor used (see Table 5-1). When the d-axis stator 

current method is enabled, enough d-axis stator current of 0.217 p.u. is injected to the 

machine for power factor compensation. As a result, the power factor changes from 0.98 

(leading) to unity as shown in Fig.5-5. 

It should be noted that the q-axis stator current component has been reduced while the 

d-axis stator current component has increased due to the proposed method as shown in 

Figs. 5-4 and  5-5. This can be explained as follows: since the IPM machine type is used in 

the test, the increase in d-axis stator current produces the reluctance torque component of 

the machine torque which causes a reduction in the required q-axis stator current that 

participates in the magnet torque component. 
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Fig. 5-4 Drive waveforms without the proposed input power factor compensation at heavy 

load condition. (vg 100V/Div, iin 10A/Div, wi
 10A/Div) 

 

5.3 Verification of Zero Speed Sensorless Method 

Figs.5-6 to 5-11 show the experimental results of the proposed zero speed sensorless 

method obtained from the drive system. In these results, different load and speed conditions 

are tested to show the validity of the high-frequency sensorless control of the CSC-fed IPM 

drive system.  

Fig.5-6 illustrates the HF injection response represented by line-to-line stator voltage 

and its frequency harmonic spectrum for conventional and proposed SVM modulation 
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scheme with motor speed of 2 rad/sec and light load condition. In Fig.5-6a, the injection is 

controlled through the inverter using conventional SVM. Ideally, the harmonic profile of 

the voltage response in the stationary reference frame should appear as two components 

with frequencies of ˆ
h f  and ˆ

h f  . However, the harmonic profile, shown in Fig.5-6a, of 

the injection with the conventional SVM shows that the voltage response has been 

distorted, as it appears as multiple side-band components. The physical origin of these 

sidebands components is not a saliency in the machine. Therefore, these components can 

cause incorrect modeling of saturation-induced saliency and can deteriorate the estimated 

rotor angle and speed. Therefore any increase and sudden load change can cause system 

instability. It should be noted that the test in this case has been carried out at no-load and 

with a very low speed control loop bandwidth to avoid any unstable operation incurred due 

to the error in the estimated rotor angle. 

Fig.5-6b illustrates the HF response represented by stator voltage and its frequency 

spectrum with the proposed MS-SVM. As can be seen, the side band harmonics of the 

injected high-frequency signal have been reduced dramatically with the use of MS-SVM, 

and therefore a large signal-to-noise ratio can be achieved. 

Fig.5-7 shows the line-to-line motor stator voltage, stator phase current and the 

frequency spectrum of the line-to-line motor stator voltage at zero and 3.342 Hz electrical 

operating frequency for no-load operation. As can be seen, with the proper selection of the 

HF current signal amplitude and frequency (3A, 300Hz), the stator voltage waveform 

response is within the operating rated voltage of the drive. In addition, with the proposed 

am  control with dc-link compensation and the multi-sampling SVM, the high-frequency 
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injection current component signal has transferred properly through the CSI inverter even 

with large capacitor and low switching frequency.  
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Fig. 5-5 Drive waveforms with the proposed input power factor compensation at heavy load          

condition. (vg 100V/Div, iin 10A/Div, wi
 10A/Div) 
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Fig.5-6 Line-to-line stator voltage and its frequency harmonic spectrum (a) Conventional 

SVM at motor speed of 2 rad/sec and no-load condition (b) Proposed MS-SVM (with 

higher signal/noise ratio) at motor speed of 2 rad/sec and light-load (0.2 p.u.) condition 

 

 It should be noted here that injecting any signal into the machine may reduce the 

overall drive efficiency because of the loss of the injected signal. However, this can be 

adjusted by selecting the proper (minimum) signal injection amplitude. Also, the injected 

signal might impact the machine fundamental torque and speed. However, since the 

excitation signal in the proposed method takes the form of the HF sinusoidal waveform, as 
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shown in the current and voltage waveform of Fig.5-7; this will reduce the vibration in the 

motor. The moment of inertia of the machine functions as a low pass filter to any HF signal 

and, therefore, filters the effect of the pulsating HF sinusoidal torque component (results 

from the injected HF signal) to negligible levels on the motor speed. 

Fig.5-8 shows the estimated and the actual rotor position during startup from zero 

speed to 0.477Hz operating electrical frequency at no-load and full-load. It is obvious that 

the estimated rotor position follows the actual rotor position under the steady state and 

transition condition with a small error of around 0.1 degree (0.02%) at no-load and 3.8 

degree (1.05%) at full-load as shown in Fig.5-8. This error appears mainly as a result of the 

magnetic saturation of the machine and has been addressed numerously in the literatures. 

One effective method for this error compensation is with a position correction term that is a 

linear function of the stator current.   

Fig.5-9 shows the estimated and the actual rotor speed at zero and 0.954Hz operating 

electrical frequency during load disturbance. The full load was applied to the machine at 

t=4 sec and removed at t=14 sec. It is observed that the estimated speed tracks the actual 

speed quite well during the load disturbance. It is evident from the dynamic performance 

that the proposed FOC and modulation scheme ensures proper transfer and dynamic for the 

high-frequency signal even with a heavy load dynamic. This means the sensorless injection 

method of CSC-fed IPM drive is capable of persisting zero/low speed with a high dynamic 

load condition.  
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Fig.5-7 Line-to-line motor stator voltage, stator phase current and the frequency spectrum 

of the line-to-line motor stator voltage (a) Zero speed operation  (b) 3.342 Hz electrical 

operating frequency. 
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Fig.5-8 Estimated and actual rotor position during the start up from zero speed to 0.477Hz 

operating electrical frequency (a) No-load condition (b) Full load condition 
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Fig.5-9 Estimated and the actual rotor speed during load disturbance.(a) Zero speed (b) 

0.954Hz operating electrical frequency 

 

Fig. 5-10 and Fig. 5-11 show the experimental results of the rotor polarity 

discrimination method. As mentioned in Chapter 4, the principle of the polarity 

discrimination method is to detect the positive and negative peaks of the measured high-

frequency d-axis stator current that results from the high-frequency injection signal.       
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Fig. 5-10 shows the actual high frequency d-axis stator current measurement when the rotor 

permanent magnet flux and the stator flux are aligned. As can be seen, the positive cycle of 

the d-axis stator current waveform has a larger amplitude compared with the negative cycle. 

In this case, no additional action is required from the detecting polarity circuit as the 

polarity of the rotor is correct. Fig. 5-11 shows the high frequency d-axis stator current 

waveform when the rotor permanent magnet flux and the stator flux are 180 degrees out of 

phase. As can be seen, the negative cycle of the high frequency d-axis stator current 

waveform has a larger amplitude compared with the positive cycle. Therefore, it is 

necessary to add an additional 180 degrees to the estimated rotor angle to achieve the 

correct position and polarity for the estimated rotor flux angle.     

 

di

 

Fig. 5-10 d-axis stator current results from the high frequency injected signal when the 

rotor and the stator flux in the same direction (Correct polarity) 
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di

 

Fig. 5-11 d-axis stator current results from the high frequency injected signal when the 

rotor and the stator flux in the opposite direction (wrong polarity) 

5.4 Conclusions 

 This chapter first discusses the experimental setup that was used in this thesis. Then, 

both the power factor control and zero speed sensorless methods were verified 

experimentally using the experimental setup. The main conclusions of this chapter are as 

follows: 

  For the proposed power factor compensation method, the experimental results show 

that with properly designed filter capacitors, the proposed d-axis stator current control 

can effectively regulate the input power factor to achieve unity for the entire speed 

range.  

  For the proposed zero/low speed sensorless method, the experimental results show that 

by using the proposed FOC scheme and multisampling SVM modulation, and the 
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proper design of the HF signal, an accurate rotor position can be estimated for zero/low 

speed sensorless operation of the CSC-fed PM drive system. 

  Although a scaled-down prototype is used in the experiments, the experimental results 

are equally valid for high power drives at megawatt levels from the control scheme 

development perspective. This is due to the following justifications: 

 

1.  The maximum switching frequency of the current source rectifier and inverters remains 

at 540Hz, which is the same frequency in the commercial large drives. The switching 

frequency is one of the most important factors affecting the dynamic performance of 

the drives;  

2.  The system sampling frequency of 4 KHz is selected to be the same as that used in 

large commercial drives;  

3.  Per unit system is used in designing all the filter capacitors and inductors in the drive. 

These passive components are selected such that they are in the range (in per unit) as 

those in large drives. In doing so, the design and analysis are applicable to large drives; 

and 

4.  The IGCTs used in the prototype are the same as those that would be used in the large 

drives. The effect of the switching times on the system dynamic performance would be 

similar to that in the large drives. 
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Chapter 6  

Conclusions and Future Work 

6.1 Conclusions 

 In this thesis, a zero/low speed sensorless CSC-fed PMSM drive system is proposed. A 

comprehensive study of the proposed drive has been carried out. The main topics covered 

include: PMSM control scheme investigation; zero/low speed sensorless control 

investigation; and an initial rotor position control and low speed input power factor 

compensation. The main contributions and conclusions of this research are summarized as 

follows: 

1) Feasibility investigation of CSC-fed PMSM drive system 

The characteristics of three control configurations of the CSC-fed drive system are 

discussed and compared. Selecting variable dc-link current control scheme can reduce the 

loss of the CSC-fed drive system. In addition, choosing the variable dc-link control scheme 

with the on-line PWM with fixed low modulation index can improve the dynamic 

performance of the drive. The performance of three control schemes are studied and 

analyzed. It was found that in order to achieve full control for SM and IPM motors, the 

ZDC and MTPA must be used respectively. 
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2) Complete system models for CSC-fed PMSM drives have been built 

The mathematical basis of current source converter fed permanent magnet synchronous 

motor is discussed and derived. The dynamic and steady state models are established. The 

main conclusions of the system modeling are as follows: 

 A 10th order dynamic model for the CSC-fed PM drive system is derived. The 

equations are established in synchronous reference frame defined on both sides of the 

converters. In the case of the motor side, the equations are synchronized with the rotor 

angle reference frame, whereas the grid-side equations are synchronized with capacitor 

voltage. 

 Steady state equations are obtained from the dynamic model to calculate the steady 

state values of system operating points. 

 

3) A unity power factor control scheme has been proposed for wide speed operation 

including very low speed range.  

A new unity power factor control scheme is proposed for whole speed range including the 

very low speed operation. This control scheme is based on the motor d-axis stator current 

control in the field oriented control of the drive system and does not require online 

modulation scheme. The proposed control scheme can be applied to both salient and non-

salient permanent magnet synchronous motors. Furthermore, the proposed scheme is 

simple and does not require any additional PI regulator. 
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4) A zero/low speed sensorless control scheme has been proposed for the CSC-fed IPM 

drive 

 In this thesis, a new control scheme for zero and low speed sensorless operation for current 

source converter fed IPM motor is developed. The main conclusions of the proposed 

control scheme are as follows: 

 A new control scheme based on a high frequency sinusoidal injection method is 

proposed for the zero/low speed sensorless CSC-fed IPM drive system. This includes 

the injection control scheme of the CSC drive and the speed/position estimator. 

 The proposed sensorless control scheme can allow 100% rated torque at zero and low 

speed operation. 

 A multisampling PWM (MS-PWM) modulation scheme is proposed to prevent the 

injection signal distortion resulting from poor discretization. 

 Detailed analysis was performed to study the feasibility and the influences of an output 

filter capacitor, low switching frequency and motor saturation on the high-frequency 

(HF) signal injection method. 

 A proposed general guide for the visible frequency range of HF injected signal was 

created. 

 Systematic analysis and design were carried out for the rotor position/speed regulator.    
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5) Polarity identification control scheme has been proposed for the CSC-fed IPM 

drive 

An initial rotor position control method is proposed for CSC-fed IPM drive system. In the 

proposed method, the same sinusoidal injected signal of the sensoless speed control is used. 

The main feature of this method is the simplicity in detecting the initial rotor position. 

 

6) Simulation models have been developed for verification of system operation and 

control schemes 

 A complete system model, including motor, converters, and the grid are developed. 

 A unity power factor control algorithm was investigated and implemented in the 

simulation. 

 A high frequency sinusoidal injection scheme and rotor angle position/speed estimator 

for zero/low speed sensorless control scheme are implemented and investigated in the 

simulation. 

 

7) Experimental verification on a laboratory prototype has been conducted 

A low-voltage experimental platform was designed. The control algorithms are coded in 

DSP. All the input power factor control scheme, high-frequency injection zero/low 

sensorless control scheme, and the polarity identification method are verified 

experimentally.  
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The outcome of the research work presented in this thesis has brought several innovative 

contributions to the establishment and performance of current source-fed PMSM drive 

systems, including : (a) a new UPF control scheme for all operating speed ranges including 

the very low speed range with simple control design (b) a new zero/low speed sensorless 

control scheme with good dynamic performance,  maximum torque capability, simplified 

control design, and very small rotor position estimation error (c) and a new polarity 

identification method for initial rotor position. 

6.2 Future Work 

The following work is suggested for future research 

1) Zero/low sensorless control of the CSC-fed Surface Mount drive system 

As mentioned in this thesis, the zero/low speed sensorless  method requires some saliency 

to estimate the rotor position and speed. Since the surface mount (SM) permanent magnet 

motor is considered as a non-salient motor, therefore, developing a zero/low sensorless 

method for CSC-fed SM drives brings great benefit to the system. 

2) Transition algorithm between low and high speed sensorless methods 

Using the high frequency injection method for sensorless operation may reduce the high 

speed capability of the machine because of the power losses and pulsating torque noise. 

Therefore, a combination of two methods may be required for a sensorless drive operation 

over full speed ranges. During the transition region, the estimation methods are simply 

changed at certain speeds. As a result, it is not straight forward to combine the methods in 
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the transition region. Therefore, a proper transition algorithm for the two sensorless 

methods will bring great benefit to the drive system. 
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