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(ABSTRACT) 

A variable-speed constant frequency (VSCF) power conversion scheme with a per- 

manent magnet synchronous generator (PMSG) is studied in this dissertation. The 

scheme consists of a PMSG, diode-rectifier bridge, dc link filter, controlled converter 

for conversion to the constant frequency ac utility and transformer. The various sub- 

systems listed above are modeled for steady state analysis and the simulation results 

are experimentally verified. All the relevant performance equations are derived for 

both the three phase half-wave (THWI!) and full-wave (TFWI) controlled converter 

options and the harmonics are computed.
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Chapter 1. Introduction 

1.1 Introduction 

This chapter outlines the literature survey, problem formulation, scope and or- 

ganization of the thesis. 

1.2 Literature survey 

Energy sources operating over a wide speed range are required to produce 

constant frequency for transmission and use. Synchronous machines used for power 

generation with variable-speed prime movers produce variable voltage variable fre- 

quency sources. The output can be processed through power converters such as 

cycloconverters or rectifier - dc link - inverter to provide fixed voltage and constant 

frequency power supply [1,2]. Induction machines have been investigated for this 

purpose in [3,4]. Even though various advantages have been identified for using in- 

duction machines, they have the following disadvantages: 
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i. Requirement of a constant frequency power supply to provide 

magnetization. This may not be available in an island or if the 

utility connection has a malfunction. 

iii Large KVAR required from the utility (external source). 

iii, Low efficiency and low power factor. 

iv. Redesign of rotors to yield large induced emf. 

v. Need for slip-rings and hence the enhanced cost of the ma- 

chines. 

Most of these disadvantages can be overcome with wound rotor synchronous ma- 

chines excepting (i) and (v). They too are offset using permanent magnet synchro- 

nous generators(PMSG). They have the following unique features: 

i. Permanent magnet excitation. 

ii. High power factor. 

iii. High efficiency. 

iv. No slip-rings on the rotor. 

v. Compact construction and high power density. 

All these features are attractive both for small and large installations. The fact that 

PMSG can be designed to provide sinusoidal or trapezoidal emfs and lend them- 

selves to design flexibility at the power conversion stage. With high-temperature 

superconducting materials becoming a reality in the near future, the study of variable 

speed constant frequency (VSCF) power conversion with PM/superconducting syn- 

chronous generators is important. Note that the study of PMSG is directly applicable 

to the superconducting synchronous generator scheme with hardly any change at all. 
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1.3 Scope of the thesis 

This thesis research is concerned with the study of VSCF power conversion with 

synchronous generator. The power conversion link involves an ac-rectifer, dc-link, 

controlled converter and constant frequency source. Steady state modeling of the 

entire scheme with half and full-wave controlled converter stages, simulation and 

analysis have been completed and experimental correlation is provided from a labo- 

ratory prototype constructed exclusively for this thesis. The performance character- 

istics of interest include real power, reactive power, power factor, efficiency, control 

angle of the converter, dc-link characteristics and harmonics on the machine and 

utility sides as a function of the speed of the PMSG. 

1.4 Organization of the thesis 

This thesis is organized as follows. The steady state modeling and analysis of 

the VSCF power conversion with PMSG are presented in chapter 2 along with system 

losses and overail efficiency calculations. The harmonics of the voltages and cur- 

rents are analyzed in chapter 3 for both the half and full-wave converter cases. 

Chapter 4 contains the correlation of the experimental results with the predicted val- 

ues. Conclusions are given in chapter 5. 
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2. Modeling and analysis of VSCF power conversion 

scheme with PMSG 

2.1 Introduction 

The VSCF power conversion scheme with PMSG is described in this chapter. 

The various subsystems such as PMSG and converters are modeled for steady state 

operation. Performance characteristics are derived relating the speed of the PMSG, 

torque and triggering angle of the controlled converters. 

2.2 VSCF power conversion with PMSG 

The scheme considered for study in this dissertation is shown in figure 2.1. The 

PMSG has sinusoidal induced emfs. The output of the PMSG is rectified through a 

three-phase full-wave diode rectifier and is connected to a filter choke. The dc link 

output is fed as input into a phase controlled converter supplied from a three-phase 

2. Modeling and analysis of VSCF power conversion scheme with PMSG 4
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constant-frequency supply through a transformer. The transformer is optional but in- 

cluded at this stage so as to cover a comprehensive study. Depending on the mag- 

nitude of induced emf in the PMSG and available fixed frequency line supply, the 

transformer need is determined. 

The process of power conversion can be summed as follows: the output of the 

PMSG is rectified and regenerated through the controlled converter to the fixed fre- 

quency ac supply. 

2.3 Permanent magnet synchronous generator 

The use of permanent magnet material in the rotor provides the excitation for a 

synchronous machine eliminating the necessity of a source for excitation and slip 

rings on the rotor. 

A PM rotor can be adequately represented by a constant field current consisting 

of a source of a constant distributed mmf in series with the nonlinear reluctance of 

the rotor magnet material. Because of the nonlinear reluctance, the magnetizing 

reactance is generally a.nonlinear function of the magnetizing current or the induced 

voltage. However, if the machine is operated over a reasonable range of voltage, a 

suitable average value of magnetizing reactance can be used for this operating range. 

When a PM machine is modeled into an electrcal equivalent circuit, a constant cur- 

rent source and the reactance, connected in parallel, can represent the constant 

magnetomotive force and the reluctance, respectively, by the duality concept. Com- 

pared with that of the normal machine, the excitation of the PM machine is not 

adjustible. 
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A salient-pole machine is a typical synchronous machine, and it has the com- 

bined features of the reluctance machine and the wound rotor synchronous machine. 

Its equivalent circuit, shown in figure 2.2, includes a current source that represents 

the magnetomotive force produced by the rotor field. Applying Thevenin’s theorem, 

an alternative equivalent circuit can be obtained, as shown in figure 2.3: 

XaXq ___XaXq 
Zeq =iXa IC - Xg = Xq cot B + ing x! 

XgXq + jf XgXq cot B 

x, cot B — jxg 
  

    

  

  

(2.1) 

XgX4 cot B — x5Xq cot g XaXo cot?s + X5Xq 
= + j 

xe cot’B + x4 xs cot?f + x2 

=Reg + jX 

where 

XgXq cot B — XGXq cot B 
Reg = a3 ; (2.2) 

x, cot’B + xq 

XgXs cot?B + X5Xq 

~ 22 2 (2.3) 
x, cot’B + xg 

Xy=W, Ly (2.4) 

Xg=W,Lg (2.5) 

and L,,L,, 8 are quadrature d,q axes inductances, the rotor angle, respectively. 

Therefore the total impedance observed on the stator terminal is 
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Figure 2.2 Equivalent circuit for salient-pole synchronous machine 
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Figure 2.3 Thevenin equivalent of figure 2.2 
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Z=R, + Reg + iX 26 

=R+jX 

where 

R=R,+Req (2.7) 

In the alternative equivalent circuit, the relation between the equivalent emf and the 

current source is 

E=Z |, (2.8) 

where /, is a field current. And the induced emf E is 

|E] = Aap, (2.9) 

where J,,[V sec./rad.] is the mutual flux linkage between rotor and stator due to the 

magnet and w,[rad./sec.] is the rotor speed. Therefore the phase voltage at the 

stator terminal is 

Vag =E ~ IgZ (2.10) 

where /, is the PMSG phase current. The power output per phase of the machine in 

the steady state is 

P, = Re[l Vag] (2.11) 

But, this output with the equivalent resistance loss being subtracted should be the 

Same as the power which flows through the rectifier. 
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Po= 31g |Vagl cos (L219, — LVag) 

3V3. 
= Ven wl veal cos @ (2.12) 

= 3x0.779 Ig, |Vagl cos 

where /,, is the fundamental of the generator phase current during rectification, and 

@ is the phase difference between the fundamental current and the phase voltage. 

Neglecting the stator loss, the air gap power is equal to P,, which means that the 

torque for steady state operation is given by 

T = P,/w, (2.13) 

lf the torque is constant, the generated power is proportional to the rotor speed. 

2.4 Rectifier 

The three phase power generated by PMSG is rectified through a three-phase, 

full-wave diode bridge rectifier. The advantage of using the diode bridge rectifier is 

that it has a line power factor of nearly unity. Its operation in connection with the 

PMSG is shown in figure 2.4. 
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2.4.1 Overlap angle 

The de voltage at the rectifier dc terminal is given by 

" (2.14) 

  

where 

Vg = Vom Sin wrt (2.15) 

0, =a, (2.16) 

However, the phase inductances in the PMSG prevent the instantaneous transfer of 

diode currents. Consequently, there is a commutation period or an overlap angle yu 

during which the two phases of the PMSG stator are short-circuited through diodes. 

Therefore, during the overlap, the load is reduced to zero and only the PMSG equiv- 

alent inductance determines the rate of rise of current in the diodes. 

For the PMSG equivalent phase inductance, the voltage lost during overlap is 

2. Modeling and analysis of VSCF power conversion scheme with PMSG 13



3 fet 
Vou = 3° 3 (Vag — Veg)d8, 

o 
zy 

= 3] 6 > ‘aL sin 0, — sin(8, + £218, (2.17) 

3V3 V_ 
= on (1 — cos HL) 

But the magnitude of the overlap voltages is 

Vor = X lac (2.18) 

Hence, equating equations (2.17) and (2.18), the overlap angle yu is given by 

2nx! 
uw =cos [1 — = J 

3V3 V 
onX! m (2.19) 

—1 dc 
=cos [1—-———] 

3Vom 

The presence of overlap tends to increase the phase lag of the fundamental current, 

which results in the generator power factor being less than unity. 

2.4.2 Diode current due to overlap angle 

During commutating period pn, one of the two conducting diodes’ currents i, 

shown in figure 2.5 gradually reduces to zero, while the other current i, gradually 

increases to /,,. If the inductance in the dc link circuit is so large that the load current 

lig Temains constant: 
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lac = i, + ig (2.20) 

During the overlap, the dc link voltage is the average of the corresponding instanta- 

neous PMSG stator phase voltage v,,,v,,and v.,, and then, similarly successive di- g? 

odes take over. Neglecting the resistance of the PMSG equivalent winding 

resistance, 

di, di. 
Veg — L—- — Vp = Vag — L—r —V, (2.21) 

where 

xX = 2.22 L=— (2.22) 

Hence, 

di, di, 
Veg _ Vag = L(—- - Ot (2.23) 

If the stator terminal voltages v,,and v,, are referred to the origin oo’ , they are ex- 

pressed as follows: 

Veg = Vn COS(0/f + >) (2.24) 

Vag = Vm COS(w;f — *) (2.25) 

Substituting equations (2.24) and (2.25) into equation (2.23) yields: 
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But, from equation (2.20), i, and i, have the relation as follows: 

di, dip | 
dt at 

Combining equations (2.25) and (2.26) results in 

a ep Sin ed 

Hence, 

  

V. t 

= | sin w,fot 

gm 

20/L 
  (1 — cos o,f) 

Introducing the following boundary condition 

  

int) = lac 

at owt=n 

V 
= gm —_ loe 2oL (1 cos pL) 

From equations (2.20) and (2.29), 
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�o�r� �A�l�a�c� �(�2�.�3�8�)� 
�[� �c�o�s�(� �s�i�n�~�*� �2�)�  �� �c�o�s�(�x�  �� �s�i�n� �2�  ��-� �Z�n�  �� �2� �s�i�n� �3�]� 

�I�f� �t�h�e� �o�v�e�r�l�a�p� �a�n�g�l�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �,� �L�j�,� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �r�e�p�l�a�c�i�n�g� �V�,�,� �a�s� �g�i�v�e�n� �i�n� 

�e�q�u�a�t�i�o�n� �(�2�.�3�6�)�.� 

� � 
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�b�a�c� �=� �3�6� �=� �i �� �h�o�e�)� �(�x�  �� �2� �s�i�n� �=�)� �x� �(�2�.�3�9�)� 

�_ �� �1� �3� �3� �1� �3� �[� �c�o�s�(�s�i�n �� �=�)�  �� �c�o�s�(�x�  �� �s�i�n �� �=�)�  �� �=�{�x�  �� �2�s�i�n ��  ��=�)�]� 

�2�.�6� �I�n�v�e�r�t�e�r� 

�I�n�v�e�r�s�i�o�n� �m�o�d�e� �p�e�r�t�a�i�n�i�n�g� �t�o� �t�h�e� �d�c� �a�n�d� �a�c� �c�o�n�v�e�r�s�i�o�n� �i�s� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �t�h�i�s� 

�s�e�c�t�i�o�n�.� �T�h�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �s�m�o�o�t�h� �d�c� �c�u�r�r�e�n�t� �i�s� �i�n�p�u�t� �i�n�t�o� �t�h�e� �c�o�n�s�t�a�n�t� �f�r�e�q�u�e�n�c�y� �a�c� 

�b�u�s� �t�h�r�o�u�g�h� �a� �p�h�a�s�e� �c�o�n�t�r�o�l�l�e�d� �i�n�v�e�r�t�e�r�.� �T�w�o� �i�n�v�e�r�t�e�r� �s�c�h�e�m�e�s� �a�r�e� �i�n�v�e�s�t�i�g�a�t�e�d�;� �o�n�e� 

�i�s� �a� �t�h�r�e�e�-�p�h�a�s�e� �h�a�l�f�-�w�a�v�e� �i�n�v�e�r�t�e�r� �a�n�d� �t�h�e� �o�t�h�e�r� �i�s� �a� �t�h�r�e�e�-�p�h�a�s�e� �f�u�l�l�-�w�a�v�e� �i�n�v�e�r�t�e�r�.� 

�T�h�e� �t�r�i�g�g�e�r�i�n�g� �a�n�g�l�e� �o�f� �a�n� �i�n�v�e�r�t�e�r� �i�s� �f�r�o�m� �9�0�°� �t�o� �1�8�0�°� �.� �H�o�w�e�v�e�r�,� �t�h�e� �a�c�t�u�a�l� �c�o�n�t�r�o�l� 

�i�s� �l�i�m�i�t�e�d� �f�r�o�m� �9�0�°� �t�o� �1�5�5�°� �b�e�c�a�u�s�e� �o�f� �t�h�e� �m�i�n�i�m�u�m� �t�i�m�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�u�r�n�i�n�g� �o�f�f� �t�h�e� 

�S�C�R�s�.� �B�o�t�h� �t�h�e� �i�n�v�e�r�t�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�r�e� �i�n�v�e�s�t�i�g�a�t�e�d� �w�i�t�h� �o�v�e�r�l�a�p� �a�n�d� �w�i�t�h�o�u�t� 

�o�v�e�r�l�a�p� �o�f� �t�h�e� �c�u�r�r�e�n�t�.� 

�T�h�e� �d�e�l�a�y� �a�n�g�l�e� �a� �i�s� �i�n�t�r�o�d�u�c�e�d� �b�y� �p�h�a�s�e� �c�o�n�t�r�o�l� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �r�e�t�a�r�d�a�t�i�o�n� �o�f� �t�h�e� 

�c�u�r�r�e�n�t� �p�u�l�s�e�s�.� �T�h�e� �p�o�w�e�r� �f�a�c�t�o�r� �i�s�,� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �c�o�s�i�n�e� �o�f� �t�h�e� �d�e�l�a�y� �a�n�g�l�e�.� �T�h�e� 
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�h�a�r�m�o�n�i�c�s� �i�n� �c�u�r�r�e�n�t�,� �h�o�w�e�v�e�r�,� �a�r�e� �n�o�t� �c�h�a�n�g�e�d� �d�u�e� �t�o� �t�h�e� �p�h�a�s�e� �c�o�n�t�r�o�l� �b�e�c�a�u�s�e� 

�t�h�e�r�e� �i�s� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� �c�u�r�r�e�n�t� �w�a�v�e�f�o�r�m�s�.� 

�2�.�6�.�1� �T�h�r�e�e� �p�h�a�s�e� �h�a�l�f�-�w�a�v�e� �i�n�v�e�r�t�e�r� 

�T�h�e� �t�h�r�e�e�-�p�h�a�s�e� �h�a�l�f�-�w�a�v�e� �t�h�y�r�i�s�t�o�r� �c�o�n�t�r�o�l�l�e�d� �i�n�v�e�r�t�e�r� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �2�.�7�.� 

�T�h�e� �i�n�v�e�r�s�i�o�n� �m�o�d�e� �n�e�g�l�e�c�t�i�n�g� �t�h�e� �o�v�e�r�l�a�p� �d�u�e� �t�o� �t�h�e� �t�r�a�n�s�f�o�r�m�e�r� �e�q�u�i�v�a�l�e�n�t� 

�r�e�a�c�t�a�n�c�e� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �2�.�8� �a�n�d� �2�.�9�.� �T�h�e� �t�r�a�n�s�f�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �c�a�n� �b�e� �d�e�r�i�v�e�d� 

�a�s� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g�:� 

�V�;� �a� �V�a�t� �d�w�,�t� 

�3� �[�a�t� �V�i�m� �2�.�4�0� �= ��  � �� �s�i�n� �w�,�t�d�w�,�t� �(�2�.�4�0�)� 
�e�n� �z� �t�a� �V�3� 

�3�V�2� �V�,� 
�2�a� 

� � �c�o�s�a�;� �9�0�°�<�a�<�1�5�5�°� 

�T�h�e� �t�r�a�n�s�f�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �v�o�l�t�a�g�e� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �2�.�1�0�.� �T�h�e� �t�h�y�r�i�s�t�o�r� �c�u�r�r�e�n�t� 

�n�e�g�l�e�c�t�i�n�g� �t�h�e� �o�v�e�r�l�a�p� �a�n�g�l�e� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �b�y� �a� �F�o�u�r�i�e�r� �s�e�r�i�e�s�:� 
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�n�=� �(�2�.�4�1�)� 
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�2�.� �M�o�d�e�l�i�n�g� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� �V�S�C�F� �p�o�w�e�r� �c�o�n�v�e�r�s�i�o�n� �s�c�h�e�m�e� �w�i�t�h� �P�M�S�G� �2�6



�V�3� �I�o�e� 
�i�g�e�a�l�)� �=�  ��= ��(�  �� �s�i�n�a� �c�o�s�@�t�+�c�o�s�a� �s�i�n� �w�s�t�)� 

�3� �l�a�c� 
� � �s�i�n�(�w�,�t�  �� �a�)� 

�H�e�n�c�e�,� �t�h�e� �r�m�s� �v�a�l�u�e� �o�f� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �c�u�r�r�e�n�t� �i�s� 

�)� �V�3� �l�o�c� 
�d�e�i� �=� 
�"�O�n� 

� � 

�T�h�e� �r�e�a�l� �p�o�w�e�r� �a�n�d� �r�e�a�c�t�i�v�e� �p�o�w�e�r� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� 

�P�o� �=� �V�3� �V�i� �l�a�c�s� �C�O�S� �a� 
�3� �=�  ��= ��V�,� �I�y�4�_� �C�O�S� �&� 

�V�a�x� 
�=�V�,� �l�a�c� 

�3� �Q�n� �=� 
�"�a�n� 

� � �V�i�l�o�e� �S�i�n� �a� 

�w�h�e�r�e� �P�,� �a�n�d� �Q�,� �a�r�e� �t�h�e� �r�e�a�l� �a�n�d� �r�e�a�c�t�i�v�e� �p�o�w�e�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�2�.�4�2�)� 

�(�2�.�4�3�)� 

�(�2�.�4�4�)� 

�(�2�.�4�5�)� 

�W�h�e�n� �t�h�e� �t�h�y�r�i�s�t�o�r�s� �a�r�e� �t�r�i�g�g�e�r�e�d�,� �t�h�e�r�e� �i�s� �a�n� �o�v�e�r�l�a�p� �d�u�e� �t�o� �t�h�e� �t�r�a�n�s�f�o�r�m�e�r� 

�r�e�a�c�t�a�n�c�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �P�M�S�G� �e�q�u�i�v�a�l�e�n�t� �r�e�a�c�t�a�n�c�e� �o�n� �t�h�e� �r�e�c�t�i�f�i�e�r� �b�r�i�d�g�e� �o�p�e�r�a�t�i�o�n�.� 
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