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EXECUTIVE SUMMARY 
 
It is well known that the ability of the permanent magnet synchronous machine (PMSM) to operate over a 
wide constant power speed range (CPSR) is dependent upon the machine inductance.  Early approaches 
for extending CPSR operation included adding supplementary inductance in series with the motor and the 
use of anti-parallel thyristor pairs in series with the motor-phase windings.  The motor control method 
that requires increased inductance is compatible with a voltage-source inverter (VSI) controlled by pulse-
width modulation (PWM) and is called the conventional phase advance (CPA) method.  The thyristor 
method has been called the dual mode inverter control (DMIC).  Neither of these techniques has met with 
wide acceptance since they both add cost to the drive system and have not been shown to have attractive 
cost/benefit ratio.  Recently a method has been developed to use fractional-slot concentrated windings to 
significantly increase the machine inductance.  This latest approach has the potential to make the PMSM 
compatible with CPA without supplemental winding inductance.  If the performance of such a drive is 
acceptable, the method may make the PMSM an attractive option for traction applications requiring a 
wide CPSR. 
 
A 30 pole, 6 kW, 6000 maximum revolutions per minute (rpm) prototype of the fractional-slot PMSM has 
been designed, built, and tested at the University of Wisconsin.  This machine has significantly more 
inductance than is typical of regular PMSMs.  The prototype is to be delivered in late 2005 to the Oak 
Ridge National Laboratory (ORNL) for testing and development of a controller that will achieve 
maximum efficiency.  In advance of the test/control development effort, ORNL has used the PMSM 
models developed over a number of previous studies to study how steady-state performance of high-
inductance PMSM machines relates to control issues.  This report documents the results of this 
preliminary investigation. 
 
A major conclusion of this study is that, while a method of incorporating high winding inductance in 
PMSM design may solve the CPSR problem, it can make it difficult to meet efficiency objectives at 
medium to high speed especially under less than full-load conditions.  Since a traction drive may spend 
considerable operating time near one half maximum speed, and at approximately one quarter full load, 
achieving high efficiency under such conditions may be a challenge.  
 
The main problem found with high-inductance machines driven by CPA is that the motor current at high 
speed depends solely on machine parameters and is virtually independent of the load level and the direct 
current (dc) supply voltage.  Thus, the motor current is virtually the same at no load as at full load 
resulting in poor efficiency at less than full-load conditions.  The DMIC technology is shown to produce 
motor current at high speed that is proportional to load and has the potential to maintain high efficiency at 
full and partial load conditions. 
 
An important concern with the DMIC is the reverse-recovery losses of the thyristors at high speed.  
Because the turn-off of the thyristors in the DMIC is naturally soft, it is possible that economical 
converter-grade components can be used provided the fundamental switching frequency is on the order of 
1 kHz or less.  The cost and additional losses associated with the thyristors used in the DMIC may be 
offset by efficiency enhancement. 
 
The amount of inductance that enables the motor to achieve infinite CPSR is given by 
 

 
b

b R

EL
I∞ =

Ω   
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where  
 
 bE  is the root mean square (rms) magnitude of the line-to-neutral back-electromotive force (emf) 

at base speed, 
 bΩ is the base speed in electrical radians per second, and 
 RI  is the rms current rating of the motor windings. 
 
The prototype machine that is to be delivered to ORNL has about 1.7 times as much inductance.  The 
inventors of the fractional-slot concentrated-winding method, who designed the prototype machine, 
remarked that they were “too successful” in incorporating inductance into their machine and that steps 
would be taken to modify the design methodology to reduce the inductance to the optimum value.  This 
study shows a significant advantage of having the higher inductance rather than the optimal value because 
it enables the motor to develop the required power at lower current thereby reducing motor and inverter 
losses and improving efficiency.  While an inductance higher than the value cited above is warranted, it 
still does not ensure that the motor current is proportional to load; consequently, the problem of low 
efficiency at high speed and partial load is not resolved but is only mitigated. 
 
A common definition of “base speed” is the speed at which the voltage applied to the motor armature is 
equal to the magnitude of the back-emf.  The results in this study indicate that the dc supply voltage 
should be adequate to drive rated current into the motor winding at the specified base speed.  At a 
minimum, this requires sufficient voltage to overcome not only the back-emf but also the voltage drop 
across the internal impedance of the machine.  For a high-inductance PMSM, the internal impedance at 
base speed can be considerable and substantial additional voltage is required to overcome the internal 
voltage drop.  It is further shown that even more voltage than the minimum required for injecting rated 
current at base speed can be beneficial by allowing the required power to be developed at lower current, 
which reduces losses in the motor and inverter components.  Further, it is shown that the current is 
minimized at a unique speed which varies with voltage; consequently, there may be room for optimization 
if the drive spends a substantial amount of its operating life at partial load. 
 
In this study, fundamental-frequency phasor models are developed for a synchronous PMSM and the two 
control systems that drive them, which are CPA and DMIC.  The models are compared with detailed 
simulations to show their validity.  The findings of this study are demonstrated on two example motors, 
one with inductance sufficient to allow infinite CPSR and one with inductance 1.7 times higher.  The 
results, which compare the two control systems, will be used to design a traction-drive control system 
with optimized efficiency to drive the fractional-slot motor with concentrated windings.  The goal is to 
meet the FreedomCAR and Vehicle Technologies specifications. 
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1.  INTRODUCTION 
 
It is well known that the ability of the permanent magnet synchronous machine (PMSM) to operate over a 
wide constant power speed range (CPSR) is dependent upon the machine inductance [1,2,3,4,5].  Early 
approaches for extending CPSR operation included adding supplementary inductance in series with the 
motor [1] and the use of anti-parallel thyrsistor pairs in series with the motor-phase windings [5].  The 
increased inductance method is compatible with a voltage-source inverter (VSI) controlled by pulse-width 
modulation (PWM) which is called the conventional phase advance (CPA) method.  The thyristor method 
has been called the dual mode inverter control (DMIC).  Neither of these techniques has met with wide 
acceptance since they both add cost to the drive system and have not been shown to have an attractive 
cost/benefit ratio.  Recently a method has been developed to use fractional-slot concentrated windings to 
significantly increase the machine inductance [6].  This latest approach has the potential to make the 
PMSM compatible with CPA without supplemental external inductance.  If the performance of such drive 
is acceptable, then the method may make the PMSM an attractive option for traction applications 
requiring a wide CPSR. 
 
A 30 pole, 6 kW, 6000 maximum revolutions per minute (rpm) prototype of the fractional-slot PMSM 
design has been developed [7].  This machine has significantly more inductance than is typical of regular 
PMSMs.  The prototype is to be delivered in late 2005 to the Oak Ridge National Laboratory (ORNL) for 
testing and development of a suitable controller.  In advance of the test/control development effort, 
ORNL has used the PMSM models developed over a number of previous studies to study the steady-state 
performance of high-inductance PMSM machines with a view towards control issues.  The detailed 
steady-state model developed includes all motor and inverter-loss mechanisms and will be useful in 
assessing the performance of the dynamic controller to be developed in future work.  This report 
documents the results of this preliminary investigation. 
 
1.1 BACKGROUND AND SUMMARY 
 
The late Peter Wood, a well known figure in the field of power electronics, once characterized the nature 
of problem solving in power electronics as akin to eliminating bulges in a bag of water.  If a particular 
bulge in the bag represents a problem and depressing the bulge represents a solution then one needs to be 
aware that while the target bulge may be gone, another bulge may have surfaced some where else on the 
bag.  A major conclusion of this study is that while a method of incorporating high winding inductance in 
PMSM design may solve the CPSR problem it can make it difficult to meet efficiency objectives at 
medium to high speed, especially under less than full-load conditions.  Since a traction drive may spend 
considerable operating time near one half maximum speed, and at approximately one quarter full load, the 
lack of high efficiency under such conditions may be a problem.  
 
The main problem found with high-inductance machines driven by CPA is that the motor current at high 
speed depends solely on machine parameters and is virtually independent of load level and the direct 
current (dc) supply voltage.  Thus, the motor current is virtually the same at no load as at full load 
resulting in poor efficiency at less than full-load conditions.  The DMIC technology is shown to produce a 
motor current at high speed that is proportional to load and has the potential to maintain high efficiency at 
full and partial load conditions [8].  However, an important concern with the DMIC is found to be the 
reverse-recovery losses of the thyristors at high speed.  Because the turn-off of the thyristors in the DMIC 
is naturally soft, it is possible that economical converter-grade components can be used provided the 
fundamental switching frequency is on the order of 1 kHz or less.  The high-pole count (30 poles) of the 
prototype motor results in a fundamental rate of 1.5 kHz at top speed of 6000 rpm and results in 
substantial recovery losses in the thyristors.  The reverse-recovery losses can be reduced by using 
inverter-grade components which are available but at higher cost.  The cost and additional losses 
associated with the thyristors used in the DMIC may be offset by efficiency enhancement. 
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Another significant issue regarding high-inductance PMSMs uncovered in this study involves the amount 
of inductance required to meet CPSR requirements.  It is generally believed that there is an “optimum 
value” for field weakening that is given by 
 

 b

b R

EL
I∞ =

Ω  
 

 
where  
 

bE  is the root mean square (rms) magnitude of the line-to-neutral back-emf at base speed, bΩ is 
the base speed in electrical radians per second, and  

RI  is the rms current rating of the motor windings.   
 
The prototype machine that is to be delivered to ORNL has about 1.7L∞.  The inventors of the fractional-
slot concentrated-winding method, who designed the 6-kW prototype machine, remarked that they were 
“too successful” in incorporating inductance into their machine and that steps would be taken to modify 
the design methodology to reduce the inductance to the optimum value.  This study will show a 
significant advantage of having the higher inductance rather than the “optimal” value.  Specifically, it is 
shown that the higher inductance enables the motor to develop the required power at lower current 
thereby reducing motor and inverter losses and improving efficiency.  While an inductance higher than 
the value cited above is warranted, it still does not make the motor current proportional to load.  
Consequently, the problem of low efficiency at high speed and less than full load is not resolved, it is only 
mitigated. 
 
A final point uncovered in this study concerns the dc supply voltage that provides the underlying source 
for the traction drive.  A common definition of “base speed” is the speed at which the voltage applied to 
the motor armature is equal to the magnitude of the back-emf.  The results in this study indicate that the 
dc supply voltage should be adequate to drive rated current into the motor winding at the specified base 
speed.  At a minimum, this requires sufficient voltage to overcome not only the back-emf but also the 
voltage drop across the internal impedance of the machine.  For a high-inductance PMSM, the internal 
impedance at base speed can be considerable and substantial additional voltage is required to overcome 
the internal voltage drop.  It is further shown that even more voltage than the minimum required for 
injecting rated current at base speed can be beneficial.  In particular, this allows the required power to be 
developed at lower current and reducing losses in the motor and in the inverter components.  Further, it is 
shown that the current is minimized at a unique speed which varies with voltage.  Consequently, there 
may be room for optimization.  For example, if the drive spends a substantial amount of its operating life 
in the vicinity of one half of maximum speed then it can be desirable to choose a dc supply voltage which 
causes the motor current to achieve its minimum value at half full speed. 
 
The findings of this study are demonstrated on two “example motors” whose parameters are given in 
Table 1.  The motor referred to as Motor 2 is patterned after the high-inductance prototype that is to be 
delivered to ORNL.  The motor referred to as Motor 1 has the “optimal” inductance value as indicated by 
the above formula.  The parameters of the two cases are identical except for the winding inductance.  The 
parameters in Table 1 were taken from [9]. 
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Table 1.  Parameters of Motor 1 and Motor 2 
 

Parameter Motor 1 Motor 2 
   
Number of poles 30 30 
Base speed 900 rpm 900 rpm 
Top speed 6000 rpm 6000 rpm 
CPSR requirement 6.667:1 6.667:1 
Back-emf magnitude at base speed, Eb 
(rms volts per phase) 

46.5 @ 900 rpm 46.5 @ 900 rpm 

Voltage constant, Kv 
(rms volts per elec. rad/sec) 

0.03289 0.03289 

   
Rated power 6 kW 6 kW 
Rated torque 63.66 Nm 63.66 Nm 
Rated rms current 43.0 A 43.0 A 
Resistance per phase 71 mΩ 71 mΩ 
Inductance per phase 765 μH 1300 μH 
   

Rotational losses ( )rotP n  @ n = rpm/900   

1000 rpm  (n = 1.11) 8.3 W 8.3 W 
2000 rpm  (n = 2.22) 33.3 W 33.3 W 
3000 rpm  (n = 3.33) 75 W 75 W 
4000 rpm  (n = 4.44) 133.3 W 133.3 W 
5000 rpm  (n = 5.56) 208.3 W 208.3 W 
6000 rpm  (n = 6.67) 300 W 300 W 

 
1.2. ORGANIZATION OF THE REPORT 
 
The main body of the report consists of Sections 2–6.  Sections 2 and 3 present phasor models of the 
PMSM when driven by CPA and DMIC respectively.  These models allow simple analysis of steady-state 
operation without resorting to a detailed time-domain simulation that includes PWM switching 
operations.  Since the DMIC was originally developed for low-inductance machines, special consideration 
is given to the implications of using the DMIC in combination with a high-inductance PMSM.  It is 
shown that the DMIC provides for motor-current magnitude minimization where the rms current is 
directly proportional to load.  This enables the DMIC to maintain high efficiency at light load conditions 
and is in sharp contrast with the CPA where the motor current is virtually independent of load resulting in 
poor efficiency under low-load conditions.  The amplitude modulation and inverter-lead angle required by 
PWM to support any speed/load combination is developed in Section 3.4 for both the CPA and DMIC 
drives.  Inverter-loss modeling is presented in Section 4 where inverter-component losses are calculated 
based on the solution of the phasor model of the motor.  Expressions are developed to resolve the solution 
of the phasor model into the conduction, switching, and reverse-recovery losses of the inverter 
components.  These expressions allow inverter losses to be estimated without time-domain simulation of 
the PWM.  The motor/inverter models are integrated and used to study the control and efficiency of both 
the CPA and DMIC drives.  It is shown that the efficiency of the CPA and DMIC drives for the example 
motors are almost the same during high-speed operation at full load; but, the DMIC is clearly higher 
efficiency during high speed/moderate to light load conditions.  Section 5 considers the impact of motor 
inductance, dc supply voltage, and inverter configuration (CPA or DMIC) on current, losses, and 
efficiency performance.  It is shown that for CPA drives the efficiency is enhanced by having the motor 
inductance exceed the accepted “optimal” value.  The efficiency improvement is through reduction in the 
motor current resulting from the higher reactance.  A dc supply voltage higher than the minimum needed 
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to support rated torque at base speed is shown to improve high-speed efficiency.  For the DMIC inverter, 
it is shown that the converter-grade thyristor reverse-recovery losses can be large during high-speed 
operation, especially for pole counts as large as the example motors which have 30 poles.  When the 
reverse-recovery losses are too large they can be reduced using inverter-grade thyristors, but this will 
entail higher cost.  Finally, Section 6 contains the conclusions of this work. 
 
The next section contains a discussion of the means for theoretical analysis of the performance of the 
PMSM driven by CPA. 
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2.  ANALYSIS OF THE PMSM WHEN DRIVEN BY CPA 
 
Figure 1 shows a schematic of the three-phase PMSM driven by a VSI as used in CPA.  The figure also 
defines some of the parameters and notation used in this discussion.  The resistors R  and rotR  represent 
the copper losses and the speed sensitive rotational losses respectively.  The value of rotR  can be 
calculated for any given speed using knowledge of the back-emf rms magnitude and the watt value of 
rotational losses as contained in Table 1.  At relative speed n, the value of rotR (n) is calculated as 
 

 
( )23

( )
( )

b
rot

rot

nE
R n

P n
=        .  (1) 

 

 
Fig. 1. Motor/inverter schematic for PMSM driven by CPA. 

 
 p = number of poles 
 N = actual mechanical rotor speed in rpm 
 Nb = mechanical base speed in rpm 

 n = relative speed = 
bN

N  

 Ωb = base speed in electrical radians/sec 

  = 
60

2
2

bNp π
⋅  

 Ω = actual rotor speed in electrical radians/sec 
  = nΩb 

 Eb = rms magnitude of the phase-to-neutral emf at base speed 
          IR   =  rated rms motor current 
 PR = rated output power = 3EbIR 
 Ls = self inductance per phase 
 Lo = leakage inductance per phase 
 M = mutual inductance 
 L = equivalent inductance per phase = Lo + Ls + M 
 R = winding resistance per phase 
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 van = applied phase A to neutral voltage 
 ean = phase A to neutral back-emf 
 eab = phase A to phase B (line-to-line) back-emf. 
 
The detailed technical assessment of Motor 1 and Motor 2 includes the evaluation of losses, not only in 
the motor but also in the inverter.  The main focus in Sections 2 and 3 is on CPSR performance and 
current-magnitude control and the discussion is greatly simplified by neglecting the losses.  Unless 
otherwise specified, the discussion in the remainder of this section and the next assumes that the winding 
resistance, R , is zero and the rotational-loss resistance, rotR , is infinite.   
 
The transistors in the inverter of Fig. 1 are typically controlled by sinusoidal PWM which uses a 
triangular carrier wave and three sinusoidal reference waves to decide the switching pattern.  A detailed 
PSPICE simulator is available to analyze the performance of the PMSM as displayed in Fig. 1 and 
controlled by PWM when operating at constant speed.  Since the objective here is to focus on CPSR, 
efficiency, and steady-state control, the details of PWM control are intentionally omitted and a simplified 
per phase fundamental-frequency model is developed.  Such a model is shown in Fig. 2 which is a phasor 
model of the motor drive at a selectable but constant speed. 
 

δjVeV~ =  0jEeE~ =  

jXR  

I  

 
Fig. 2. Fundamental-frequency model of one phase of a PMSM. 

 
In the per phase model of Fig. 2, the phasor V  represents the fundamental frequency line-to-neutral 
voltage applied to the motor by the inverter.  V is the rms magnitude and δ is the inverter-lead angle.  
Phasor E  represents the phase-to-neutral motor back-emf and is chosen as the reference phasor, such that 
the angle of E  is zero.  The magnitude of the emf is linear in motor speed and the voltage constant, vK , 
has units of rms volts per electrical radian per second.  Thus, the rms value of the back-emf at any speed 
is given by 
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v

v b
b

b

E K

K

nE

= Ω
Ω

= Ω
Ω

=

, (2) 

 
where  
 

bE  is the rms magnitude of the line-to-neutral back-emf at base speed and  
n is relative speed.   

 
Similarly, the motor reactance can be expressed as 
 

 b
b

b

X L

L

nX

= Ω
Ω

= Ω
Ω

=

, (3) 

 
where bX is the reactance at base speed. 
 
We should distinguish between “base speed” and “true base speed.”  Base speed is the highest speed at 
which rated torque is required, and the power developed at this speed is the rated power of the motor 
drive.  True base speed is the highest speed at which rated torque can be developed.  The true base speed 
is exactly the same as base speed when the dc supply voltage is selected as the minimum value that 
permits rated torque to be developed at the base speed and is given by 
 

 ( )22
min 2dc b b RV E X Iπ

− = +  . (4) 

 
This expression assumes that the PWM control will be in full over-modulation when developing rated 
torque at base speed.  Note that Eq. (4) insures that sufficient dc supply voltage is provided so that at base 
speed the driving voltage is sufficient to overcome the back-emf voltage and the internal impedance of the 
motor while supplying the rated current to the windings.  For Motor 1 of Table 1 with an inductance of 
765 Hμ , the value of Eq. (4) is 146.1 V, while for Motor 2 having inductance of 1300 Hμ , the required 
dc supply is 203.8 V.  This difference in dc supply voltage is not particularly significant since when both 
motors develop rated power, the higher supply voltage will operate at a lower current.  If the dc supply 
voltage is less than mindcV − , it will not be possible to develop rated torque at the specified base speed; i.e., 
the true base speed will be less than the specified value.  If the dc supply voltage is larger than mindcV − , 
then the true base speed is larger than the specified value.  Letting the true base speed be denoted as 

btn we have 
 

 min

dc
bt b

dc

Vn n
V −

= ⋅          . (5) 
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When a dc supply larger than the minimum is used, the rated torque can be developed at a speed higher 
than base speed resulting in greater power-conversion capability; however, the drive control can be 
configured to preclude using this extra capability; i.e., the control can restrict the maximum torque above 
the base speed.  Even though control may be used to constrain the torque-speed envelope, the addition of 
surplus dc supply voltage may allow reduced current magnitude at high speed, thereby reducing inverter 
and motor copper losses and improving efficiency.  This possibility is discussed further in Section 3.   
 
Up to base speed, the magnitude of the applied voltage, V, and the lead angle,δ , can be adjusted allowing 
the motor-current phasor to be put in phase with the back-emf.  This maximizes the torque produced per 
amp.  Voltage magnitude, V , and lead angle, δ, required to support any relative speed below base speed, 
n 1≤ , and rms current, I, is found from 
 

 
( ) ( )

( )

2 2 1

22 1

tan

tan

b b

b
b b

b

b
b b

b

V nE jnIX

nIXnE nIX
nE

IXn E X I
E

V δ

−

−

= +

⎛ ⎞
= + ∠ ⎜ ⎟

⎝ ⎠
⎛ ⎞

= + ∠ ⎜ ⎟
⎝ ⎠

= ∠

 .         (6) 

 
The rms magnitude of V  increases with speed and is limited by the available dc supply voltage.  
Assuming that the dc supply voltage is the minimum value and that full over-modulation is allowed, the 
maximum magnitude is obtained at base speed where n = 1 and rated rms motor current is RI I= , then 
 

 ( ) ( )2 22 2
max ( ) ( )b R b b R bV E I X E I L= + = + Ω . (7) 

 
Similarly, the lead angle δ at base speed and rated current is given by 
 

  1tan R b

b

I X
E

δ − ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
. (8) 

 
The power developed at base speed and rated current is the rated power of the motor and since the current 
is in phase with the back-emf we have 
  
 3R b RP E I= .  (9) 
 
Let us now restrict our attention to operation above base speed such that 1n > and maxV V= .   Neglecting 
the armature resistance, the phasor current of the motor is 
 

 
max maxsin cos

 

b

b b b

r x

V E VI j
nX X nX
I j I

δ δ
⎡ ⎤

= + −⎢ ⎥
⎣ ⎦

= +

, (10) 
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where rI  is the component of current in phase with the back-emf and produces useful torque.  This 
component is like the quadrature-axis (q-axis) current in the d-q model and can be referred to as the 
torque-producing component.  xI is the component of current that is orthogonal to the back-emf and 
results in no net torque production.  This component is like the direct-axis (d-axis) current in the d-q 
model and can be referred to as the field-weakening current.  The total motor current has rms magnitude 
 

 

2 2

2 2 2
max max2 cos

r x

b b

b

I I I

V n V E n E
nX

δ

= +

− +
=

. (11) 

 
The total power injected into the motor by the inverter is 
 

 
* max33Re(  ) sinb

in
b

V EP V I
X

δ= = , (12) 

 
while the total power converted by the motor is 
 

 

* max

max

33Re( ) sin

sin

b
m

b

V EP EI
X

P

δ

δ

= =

=
,  (13) 

 
where  
 

 max
max 3 b

b

V EP
X

=   (14) 

 
is the maximum power that can possibly be converted, which corresponds to the lead angle being 90°.  
Since we have neglected the winding resistance, inP equals mP and the common value is 
 

 
max

max

3 sin

sin

b
m in

b

V EP P
X

P

δ

δ

= =

=
. (15) 

 
This expression shows that it is easy to control the motor to deliver rated power above base speed.  All 
that is necessary is that the inverter-lead angle, δ, be held fixed at that value which causes mP in Eq. (15) 
to be equal to the rated value, RP , given in Eq. (9) that is 
 

 

1

max

1

max

sin
3

cos

b R

b

b

X P
V E

E
V

δ −

−

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

. (16) 
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While constant lead angle control allows the PMSM to operate at constant power above base speed, it is 
not a certainty that doing so results in operating within the rated current.  The critical factor is the motor 
inductance as shown below.  
 
Equation (11) gives the rms motor current, I , when operating at any speed above base speed.  Using lead 
angle, δ , from Eq. (16) so that rated power is produced, we require that the rms current in Eq. (11) be no 
greater than the rated value RI , that is  
  

 
( )

2 2 2
max max

2 2
max

2 cos

2

b b

b

b

b

R

V nV E n E
I

nX

V n n E
n L

I

δ− +
=

+ −
=

Ω

≤

.     (17) 

 
There is a well defined speed at which the current magnitude is minimal.  Setting the derivative of 
Eq. (17) with respect to relative speed n  equal to zero and solving for this speed yields  
 

 

max
min cosb

Vn
E δ

= .      (18) 

 
With this value of n  substituted into Eq. (17), the minimum current is found to be 

 

 min
max3
PI

V
= .     (19) 

 
Note that this minimum-current magnitude is independent of motor parameters and depends linearly on 
the developed power and inversely on the maximum fundamental inverter voltage.  Since maxV can be 
increased by raising the dc supply voltage, there may be reduction in motor and inverter losses when  dcV  
is increased above the minimum level required to sustain rated power at base speed.  It can be shown that 
for speeds less than minn , the inverter-power factor is lagging; while for speeds above minn , the inverter-
power factor is leading.  Thus, the inverter operates at the optimum unity power-factor condition at only 
one speed, namely minn .  For Motor 1 of Table 1, the values of minn  and minI  are 2.00 (1800 rpm) and 
30.41 A; while for the higher inductance Motor 2, the corresponding values are 3.89 (3500 rpm) and 
21.81 A respectively. 
 
Observe from Eqs. (10) and (17) that, as the speed approaches infinity, the motor-current magnitude 
approaches a limiting value given by 
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( )

max

max

2 2
max

lim lim sin 0

lim lim cos

2
lim lim

rn n
b

b b b
xn n

b b b b

b b b
CHn n

b b b

VI
nX

E V E EI
X nX X L

V n n E E EI I
nX X L

δ

δ

→∞ →∞

→∞ →∞

→∞ →∞

= =

⎛ ⎞
= − = =⎜ ⎟ Ω⎝ ⎠

+ −
= = = =

Ω

.       (20) 

 
 
The limiting rms current magnitude in Eq. (20) is called the “characteristic current” [6] denoted as CHI .  
The characteristic current in Eq. (20) is larger than the minimum current in Eq. (19).  For Motor 1 in 
Table 1, the characteristic current evaluates to 43.0 A, which is exactly the same as the rated current of 
the motor; while for Motor 2 the characteristic current is 25.3 A, which is less than rated current.  Note 
that the characteristic current depends only on motor parameters ( , ,b bE LΩ ) and is independent of motor 
load and dc supply voltage.  Also note that at high speeds, the torque-producing current, Ir, approaches 
zero so that the limiting current at high speed is solely due to field-weakening current, Ix.  This result has 
a positive implication for being able to operate over a wide CPSR while remaining within the motor-
current rating.  Unfortunately, there is also an adverse implication towards efficiency when operating at 
high speed and at less than full load.  The impact on efficiency is considered later.  At the moment, we 
consider the positive impact on CPSR when the machine inductance is sufficiently large. 
 
If we require the limiting rms current in Eq. (20), which is the characteristic current, to be less than or 
equal to the rated current, RI , then we have an inductance requirement that yields an infinite CPSR, which 
is 
 

 b

b R

EL
I∞ =

Ω
.     (21) 

 
This inductance value is sometimes cited as the “optimal” value for field weakening [6].  Any PMSM 
having an inductance with the value in Eq. (21) or higher will have an unlimited CPSR.  Applying 
Eq. (21) to the parameters of the example motors in Table 1 where both machines have 

46.5 V, 1413.7 elec. rad/sec, 43.0 A,b b RE I= Ω = = the value of L∞ is found to be 765 Hμ which is 
the per phase inductance of Motor 1.  Motor 2 has an inductance of 1300 Hμ which exceeds the 
“optimal” value by a factor of 1.7.  The assertion that the inductance in Eq. (21) is optimal is tied to a 
notion of base speed where the voltage magnitude applied by the inverter is maximal and is exactly equal 
to the magnitude of the back-emf.  When this is the case, 
 

 max 2
b

b dc
EV E V π

= ⇒ =
,
 (22) 

 
and from Eq. (14) 
 

 max
max

3 b
R

b

V EP P
L∞

= ≡
Ω

.      (23) 
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In this case, the rated power is the maximum power that can be developed.  If maxV is restricted to the 
value bE , then any machine with an inductance larger than L∞ would not be able to develop rated power 
at high speed.  Although not shown here, when the dc supply is restricted as in Eq. (22), a motor with the 
“optimal inductance” would be able to develop rated power at high speed but not at base speed.  A motor 
with an inductance larger than L∞ wouldn’t be able to develop rated power at base speed or at high speed.  
The restriction on the dc supply such that the maximum applied voltage balances the back-emf at base 
speed is highly artificial.  It is reasonable that the applied voltage at base speed be sufficient to overcome 
not only the back-emf but also the voltage drop across the internal impedance at base speed, as is the case 
when the dc supply is determined using Eq. (4).  When the dc supply is selected by Eq. (4), there will be 
sufficient voltage to develop rated power at base speed and a surplus power capability at high speed, that 
is maxP will exceed RP .  If desired, the surplus power capability can be made inaccessible by the control 
system. 
 
For a finite CPSR requirement, the inequality in Eq. (17) at a relative speed, n , equal to the CPSR, yields 
a minimum requirement on the motor inductance, 
 

 
( )

Rb

b
ICPSR

ECPSRCPSRV
L

Ω

−+
=

22
max

min
2

. (24) 

 
And when maxV  is determined from Eq. (7) and substituted into Eq. (17), the equivalent requirement is 
 

 ∞∗
+
−

=
Ω

∗
+
−

= L
CPSR
CPSR

I

E

CPSR
CPSRL

Rb

b
1
1

1
1

min . (25) 

 
This expression shows that even for a modest finite CPSR, such as 4:1, the minimum inductance is 
0.77L∞ , which is a significant fraction of inductance for infinite CPSR. 
 
The CPSR performance envelopes of Motor 1 and Motor 2, when driven by CPA, are shown in Fig. 3 
with winding resistance, rotational losses, and inverter losses neglected.  Both motors have an infinite 
CPSR.  However note that the higher inductance motor, Motor 2 with 1300 Hμ per phase, operates at a 
lower current when developing the 6 kW rated power at high speed.  It is shown in Section 3.3 that the 
lower characteristic current/high-inductance machine, Motor 2, has higher efficiency at full and partial 
load than the lower inductance machine, Motor 1.  However, the part load efficiency of both of these 
examples can be quite poor since the motor current approaches the characteristic value at high speed 
independent of load.   
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Fig. 3. Constant-power performance of the PMSM driven by sinusoidal PWM and CPA. 

 
In summary, the key parameter in determining the CPSR capability of the sinusoidal back-emf PMSM 
when driven by CPA is the motor inductance. 
 
To illustrate the use of the various formulas, the design parameters of the Motor 1 and Motor 2 designs 
from Table 1 are applied to Eqs. (4), (7), (14), (18), (19), (20), (21), (23), and (25) and presented in 
Table 2. 
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Table 2.  Calculations for Motor 1 and Motor 2 
 

Parameter Motor 1 Motor 2 
   

RP  6 kW 6 kW 

bΩ  1413.7 elec rad/sec 1413.7 elec rad/sec 

bE  46.5 Vrms 46.5 Vrms 

RI  43.0 Arms 43.0 Arms 

   
L  765 μ H 1300 μ H 

L∞   Eq. (2) 765 μ H 765 μ H 

minL  (for CPSR=6.667)  Eq. (25) 658 μ H 658 μ H 

   

minn   Eq. (18) 2.00  (1800 rpm) 3.89 (3500 rpm) 

minI   Eq. (19) 
30.41 A 21.80 A 

   
Characteristic Current  

CHI = /b bE X   Eq. (20) 
43.0 A 25.3 A 

   

maxV   Eq. (7) 65.77 Vrms/67.96 Vrms * 91.7 Vrms/93.6 Vrms* 

dcV   Eq. (4) 146.1 V/150.9 V 203.8 V/207.4 V 

maxP   Eq. (14) 8.48 kW/8.36 kW** 6.96 kW/6.95 kW** 

   
CPSR 
(when driven by CPA) 

∞  ∞  

*The second value of maxV corrects for the winding resistance, i.e. maxV  is computed as 
 

 2 2
max ( ) ( )b R b RV E I R LI= + + Ω . (26) 

 
**With winding resistance included, 
 

 
22

12
max

max

tancos3

b

b
bb

XR

R
XEEV

P
+

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛−

=

−

   . (27) 

 
 
In the next section the analysis of the PMSM driven by DMIC is discussed. 
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3. ANALYSIS OF THE PMSM WHEN DRIVEN BY DMIC 
 
The previous section contained a discussion of the PMSM when driven by CPA.  The focus in that section 
was on the relationship between CPSR and motor inductance.  Although the DMIC was originally 
intended for motors with low inductance, it has recently been shown to have the potential for significant 
loss reduction for PMSMs with large inductance.  To make this latter point, an abbreviated treatment of 
the PMSM is given below that slightly overlaps the previous discussion in Section 2.  The mechanism 
through which the DMIC is able to achieve an infinite CPSR, even though the motor inductance may be 
small, will be made clear within the discussion. 

 
A recent paper [8] used a fundamental-frequency model to analyze the performance of the sinusoidal 
back-emf PMSM driven in constant-power mode by DMIC.  The inverter includes a common three-phase 
voltage-source inverter supplemented with an alternating current (ac) voltage controller between the 
inverter output and the motor.  The ac voltage controller consists of three pairs of anti-parallel silicon 
controlled rectifiers (SCRs) as shown in Fig. 4. 
 

 
Voltage Source Inverter

AC Voltage 
Controller

Permanent Magnet 
Synchronous Motor 

 

AC Voltage
Controller

Voltage Source Inverter
Permanent Magnet 
Synchronous Motor 

Vdc 

 
Fig. 4. DMIC inverter topology. 

 
Each SCR pair is a full ac switch.  In steady state, the fundamental-frequency components of the voltage 
across and current through the switch are 90° out of phase reflecting the lossless behavior of the switch 
and giving rise to an “equivalent reactance” interpretation of the SCRs.  On a per phase basis, a 
fundamental-frequency phasor model has the form shown in Fig. 5 with winding resistance and rotational 
losses neglected.  In the figure, the parameter thyX is the equivalent reactance of an SCR pair. 

    
  

   

~   ~
+   + 

xr jIII +=

3
P

BjnXthyjX

0nEE B∠=δ∠= maxinv VV

 
Fig. 5. Per-phase fundamental-frequency phasor model for constant-power mode. 
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As noted in Ref. [8], the equivalent reactance of the ac switch is not constant but varies with the firing 
angle of the SCRs.  The firing angle of the SCRs also controls the developed power of the motor.  Since 
the equivalent reactance of the switch varies with the developed power, one cannot infer that the 
equivalent reactance interpretation can be extended to a fixed equivalent inductance that is in series with 
the motor winding. Note that the total reactance presented to the inverter is the sum of the thyristor 
reactance and the motor reactance, thy bX nX+ .  Thus, no matter how small the machine reactance may 
happen to be, the thyristor reactance can be adjusted, through firing angle control, to make the motor 
behave as though it were a high-reactance machine.  This is why the DMIC achieves an infinite CPSR 
even when the motor inductance is less, even substantially less than the minimum required to be driven by 
CPA. 
 
The discussion in this section is based on Ref. [8] and has two main objectives.  The first is to show that 
the SCRs in the DMIC have greater value than simply extending the CPSR.  Specifically, it is shown that 
during constant-power operation they allow the rms motor-current magnitude to be minimized for any 
given power level.  Thus, the DMIC enables “dual modes” of optimal control.  Above base speed, the 
DMIC allows control for maximum watts per rms amp during constant-power operation.  Below base 
speed, the SCRs do not interfere in the inverter-voltage magnitude control for maximum Newton-meters 
(Nm) per rms amp during constant-torque operation.   The second objective is to show that the current 
minimization capability enabled by the SCRs in the DMIC inverter can result in substantially lower motor 
current than a common VSI drive employing CPA even when the motor inductance is high.  It is shown 
that the minimum-current magnitude achieved with the DMIC is independent of speed and proportional to 
developed power.  For a high-inductance motor driven by a VSI using CPA, the current magnitude is 
shown to be speed dependent but virtually independent of developed power level.  At high speeds, the 
reduction in motor-current magnitude is at least 0.7071 with the DMIC relative to the same motor driven 
by a VSI.  Significant reduction in motor current reduces not only copper losses but also losses in the 
VSI.  An economic evaluation of the DMIC must look past the added initial cost and additional losses due 
to the SCRs and consider the total value of loss reduction in the motor and the inverter over the life of the 
drive.  
 
The fact that high-machine inductance, or the addition of supplemental series inductance, can increase 
CPSR is not new as noted in previous works [1,4,5].  Removing the SCRs from Fig. 4 results in CPA.  To 
contrast the performance of CPA and DMIC, we first consider the performance of a high-inductance 
PMSM driven by CPA in Section 3.1 below. In Section 3.2, we show the current minimization made 
possible by the DMIC.  The performance of CPA and DMIC are summarized in a single graph plotting 
normalized rms current versus normalized developed power for relative speeds above base speed. 
 
3.1 HIGH-INDUCTANCE PMSM DRIVEN BY CPA 
 
Assuming that the thyristors are removed from the inverter of Fig. 4, the fundamental-frequency model of 
Fig. 5 has 0thyX = for all operating conditions.  The model then represents a PMSM driven by CPA. 
 
The discussion of the CPA driven PMSM in Section 2 focused on the relationship between the motor 
inductance and CPSR.  In this section, it is assumed that the inductance is sufficiently large to meet a 
wide CPSR requirement and the focus is on the dependence, or lack thereof, of rms motor-current 
magnitude on speed, developed power, and available dc supply voltage. 
 
From Section 2, when operating above base speed, the rms fundamental-frequency voltage applied by the 
inverter is  
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 max
2 dcVV V
π

= = .     (28) 

 
The inverter-lead angle depends on the dc supply voltage and the developed power and is found from 
Eq. (13) to be 
 

 1

max

sin
3

b

b

X P
V E

δ − ⎛ ⎞
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⎝ ⎠
,     (29) 

 
and from Eq. (11) the resulting rms motor current at speed, n , is 
 

 
b

2
b

2
bmax

2
max

nX
EncosEnV2V

I
+−

=
δ

.     (30) 

 
Note that at any finite speed, the rms current depends, at least to some degree, on dc supply voltage 
through its dependence on maxV , on the developed power through its dependence on δ , and on motor 
parameters, bE and bX ; however, for high speed the rms current approaches the “characteristic current” 
given by 
 

 lim b b

n
b b

E EI
X L→∞

= =
Ω

.     (31) 

 
The characteristic current depends only on motor parameters.  When the inductance is sufficiently large, 
the characteristic current is less than the rated motor current, and this is what enables the CPA driven 
PMSM to operate with an infinite CPSR.  There are, however, two potential drawbacks for wide CPSR 
drives controlled by CPA.   
 
The first drawback is that, at sufficiently high speed, the rms motor current approaches the characteristic 
current which is independent of load, P .  This means that the motor current is almost the same at no load 
as it is at full load.  Consequently, the CPA drive cannot provide optimum “watts per amp” control at high 
speed and the efficiency may be poor when the load varies substantially at high speed. 
 
One should expect that, if additional dc supply voltage were provided beyond the minimum necessary to 
produce rated torque at base speed, the result should be reduced motor current; however, as the speed 
increases, the motor current approaches the characteristic current which is independent of the dc supply 
voltage.  Thus, the second drawback is that increases in dc supply voltage beyond the minimum required 
to support base-speed conditions are not effective in enhancing the efficiency of the wide CPSR drive at 
high speed.  
 
If the motor inductance is the value given in Eq. (21) corresponding to an infinite CPSR, it follows from 
Eqs. (7), (9), (14), and (13) that 
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Then the rms motor current from Eq. (30) is given by 
 

 

2
2
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R
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I I
n

⎛ ⎞
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⎝ ⎠= .      (33) 

 
A plot of per unit rms current, / RI I , versus per unit developed power, / RP P , is shown in Fig. 6 for 
relative speeds of 2, 4, 6, 8, 10, 20, and ∞ .  The figure shows that when the motor inductance is 
sufficiently large, L L∞=  in this case, any developed power up to the rated power can be achieved 
without exceeding the rms current rating of the motor.  Note that even though the inductance is large, the 
motor-current magnitude increases with speed.  The “flatness” of the current versus power curves 
indicates that the copper losses in the motor are virtually independent of the developed power for the CPA 
strategy.  Efficiency may be poor when high-speed operating conditions require a developed power less 
than the rated power.  A method that can make the rms current proportional to output power can 
obviously reduce motor copper losses as well as the losses in the VSI inverter.  In the next section, it is 
shown that the DMIC enables motor-current magnitude minimization or, equivalently, optimal watt per 
rms amp control. 
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Fig. 6. Constant-power operation of a PMSM motor comparing CPA control with DMIC. 

 
3.2 PMSM CURRENT MAGNITUDE MINIMIZATION WHEN DRIVEN BY DMIC 
 
Given that a PMSM with an inductance as large as that in Eq. (21) can achieve an infinite CPSR when 
driven by a VSI, is there any benefit to driving the same motor using the DMIC?  To address this issue, 
we use the fundamental-frequency model of Fig. 5.  Let the motor-current phasor be written in the 
rectangular form 
 

 
2 2

 r x

r x

I I j I

I I I I

= +

= = +
     , (34) 

 
where  
 
 rI  is the torque-producing component of motor current that is in phase with  
  the back-emf, and  
 xI   is the field-weakening component that is in phase quadrature with the back-emf.   
 
The question is, can the equivalent reactance of the SCRs, thyX , be chosen so that desired power, P , is 
developed while the magnitude of the motor current, I , is minimized?  If so, the DMIC provides optimal 
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“watts per rms amp” control.  This is a distinctly different form of high-speed control than CPA where the 
high-speed rms current is virtually the same at no load as at full load. 
 
Observe that the value of the in-phase component of motor current results in the developed power 
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.       (35) 

 
Since rI  is fixed per Eq. (35), the minimization of current magnitude, I , is the same as minimizing the 
magnitude of the phase quadrature component, xI .  Let 
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Recognizing that 
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we find that the phase quadrature component of motor current becomes 
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Differentiating xI with respect to X , setting the derivative equal to zero, and solving for the current 

minimizing reactance, *X , yields 
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or 
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Equation (41) for X*

thy clearly shows that no fixed inductance can provide the same effect as the thyristors 
in the DMIC inverter.  Specifically, observe that the reactance doesn’t vary exactly linearly with speed 
due to the 2 2

max /V n  inside the brackets in the second expression of Eq. (41), and that the reactance is 
inversely proportional to developed power, .P   Thus, a fixed inductance can only achieve the same 
performance as DMIC at a single speed and power condition. 
 
The anti-parallel SCR pair cannot have a negative reactance, the minimum value of thyX  is zero.  A value 

of thyX  equal to zero would mean that the thyristors were being fired such that they function as a short 

circuit.  The value of n  in Eq. (41) must be sufficiently large such that thyX  has a non-negative value.  
For any given load power, P , the minimum value of n , which occurs when the bracketed term in Eq. 
(41) is zero, is 
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where maxP is the maximum power-conversion capability of the motor as given by Eq. (14).  Notice that 
the expression for minn  with the DMIC given by Eq.  (42) is the same as that single speed at which the 
CPA driven machine operates at an inverter-power factor of unity and given by Eq. (18).  It is shown 
below that the inverter-power factor with the DMIC is unity for all speeds greater than minn .  This 
contrasts with the CPA drive where the inverter operates at unity-power factor only at the single speed 

minn .  Above speed minn , the inverter-power factor is leading for the CPA drive. 
 
With the optimal value of thyristor reactance, the rms motor current, which is minimum because the 
inverter-power factor is unity for all speeds above nmin, is 
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Note that this minimum current with DMIC is the same as the minimum current with CPA as given by 
Eq. (19).  The difference, however, is that the DMIC drive operates at this minimum-current magnitude 
for all speeds greater than minn ; whereas the current increases above minn  for the CPA drive. 
 
Note that Eq. (43) is independent of speed and directly proportional to developed power.  Also note that 
for any load level, P , an increase in dc supply voltage, which increases maxV , will decrease the rms 

motor current since I  varies as 1
maxV − .  Thus, high-speed operation with the DMIC can benefit from extra 

supply voltage through a reduction in motor and inverter losses.  This feature of DMIC is distinctly 
different from CPA where rms motor current at high speed is nearly independent of dc supply voltage. 
Also, since we have neglected losses, the power supplied by the inverter is the same as the converted 
power, that is 
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Thus, the motor-current phasor is in phase with the inverter-voltage phasor, such that the inverter operates 
at unity-power factor.   

 
Equation (43) applies whether the inductance is large or small.  In cases where the motor is to provide 
substantial regenerative braking for the vehicle, Eq. (14) shows that the inductance will necessarily need 
to be small such that maxP   is substantially larger than the rated power, RP .  In such cases, the CPA 
method would not yield adequate CPSR and DMIC would be essential.  In this discussion, we will show 
that DMIC has substantial potential benefit even when the motor inductance is large. 
 
Letting the motor inductance be L∞  from Eq. (21) and using the corresponding maxV  from Eq. (32), the 
optimal rms fundamental-frequency motor-current magnitude is 
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Note that Eq. (45) does not depend on speed.  However, for the case under discussion, Eq. (42)  requires 
that the relative speed be greater than or equal to two in order for Eq. (45) to be valid.  A plot of per-unit 
motor current, * / RI I , versus per-unit developed power, / RP P , is shown in Fig. 6 where the single curve 
shown is valid for any speed at and above 2n = .  For convenience, the same set of axes was used to 
display the current versus power data for the same inductance level when the motor is driven by CPA. 
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Although a motor with inductance, L∞ , is considered well-suited for high CPSR applications with CPA, 
the curves in Fig. 6 show that for relative speeds of two or greater, the motor current is always less for the 
same motor driven by DMIC and for most operating conditions the current is substantially less with 
DMIC.  Reductions in motor current will result in reduced motor copper losses, which vary with the 
square of rms current and reduce the losses in the inverter components that vary with the first power of 
the rms motor current.  For example, at high speed and rated power, the rms motor current with the DMIC 
is 0.7071 that of the CPA driven motor.  The motor losses are reduced by a factor of 50% while the 
inverter losses are decreased by 29.3%.  At high speed and 70% of full power, the rms current with the 
DMIC is 49.5% that of the VSI driven motor.  The motor copper losses are reduced by 75.5% while the 
inverter losses are reduced by 50.5%.  Depending on the application, particularly the speed/load profile, 
these loss reductions may more than compensate for the losses introduced by the addition of the SCRs 
and the value of the energy recovery over the life of the drive may more than offset the initial first cost of 
the SCRs.   
 
When driven by DMIC, the CPSR performance envelopes of Motor 1 and Motor 2 are shown in Fig. 7 
with winding resistance, rotational losses, and inverter losses neglected.  The figure can be compared with 
Fig. 3, which is the analogous plot for the two motors when driven by CPA.  Note that the DMIC drives 
operate at the minimum-current magnitude for all speeds greater than minn . 

 
Fig. 7. Constant-power performance of the PMSM driven by DMIC. 

 
The Motor 1 and Motor 2 designs are examined in the next section with respect to the current-magnitude 
control properties at high speed and variable load with CPA and DMIC.   
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3.3 COMPARISON OF MOTOR-CURRENT MAGNITUDE WITH CPA AND DMIC 
AT HIGH SPEED AND VARIABLE LOAD 

 
The example motors of Table 1 differ only in their inductance.  Neglecting winding resistance, the 
765 Hμ machine (Motor 1) requires a dc supply of 146.1 V to operate at rated torque at base speed while 
remaining within the 43 A rated current.  Motor 2, with 1300 Hμ inductance, requires a supply of 
203.8 Vdc to achieve rated torque at base speed and rated current.  The discussion in the previous sections 
suggested that increased dc supply voltage could improve efficiency of a CPA or DMIC driven motor by 
reducing the motor current, with the greatest benefit observed with the DMIC.  To demonstrate this fact, 
the rms fundamental-frequency motor current versus useful output power for Motor 1 is displayed in 
Fig. 8 for supply voltages of 146.1 V and 203.8 V.  All loss mechanisms were neglected in constructing 
the figure.  For each supply voltage, current versus power output is plotted for several different speeds.  
For the 146.1 V case, a single plot suffices to characterize the DMIC for all speeds larger than a relative 
speed of 2; i.e. 1800 rpm or greater.  For the CPA drive at 146.1 V, curves are drawn for 1800, 2510, 
3600, 6000 rpm, and infinite speed.  For the infinite-speed case, the rms current is the characteristic 
current of 43 A independent of the supply voltage.  For Motor 1, 43 A is also the rated current.  Note that 
as the rpm increases from 1800 rpm towards 6000 rpm, the motor current increases and becomes 
insensitive to power level.  For the second set of curves drawn for the 203.8 V supply, the magnitude of 
the current for a given speed is reduced from the same speed for the lower supply voltage level.  This is 
seen for both the DMIC and for CPA.  However, the current-magnitude reduction is greatest with the 
DMIC.  For the DMIC case, a single curve again captures the behavior at all speeds greater than twice the 
“true base speed.”  With the supply voltage raised from the minimum level of 146.1–203.8 V, the base 
speed increases, per Eq. (5), from 900–1255 rpm (203.8 x 900/146 V). The single curve drawn for the 
DMIC applies to all speeds twice this value at and above 2510 rpm.  The figure clearly shows that 
providing additional dc supply voltage beyond the minimum needed to support base-speed condition is 
beneficial in reducing motor current and, therefore, reducing motor copper losses.  In the inverter, there 
may be some increase in switching and reverse-recovery losses due to the additional supply voltage, but 
there will be reductions in conduction losses that are at least proportional to the reduction in current if not 
more.  Since the conduction losses are typically the main inverter-loss mechanism, the inverter losses will 
also decline with higher supply voltage. 
 
Figure 9 shows the high-speed current-magnitude control capability of CPA and DMIC for Motor 1 and 
Motor 2 when both machines operate from a 203.8 Vdc supply.  The plot for Motor 1 in Fig. 7 is identical 
to the plot for 203.8 Vdc shown in Fig. 9; however, Fig. 9 shows the added benefit of having an inductance 
that is greater than the “optimal” value of L∞ .  Recall that the inductance of Motor 1 is exactly L∞ , 
765 Hμ , while Motor 2 has significantly more inductance (1300 Hμ ).  When comparing the two 
figures observe that when the motor is driven by CPA, the higher inductance results in a lower current 
magnitude at any given speed and power level thereby improving efficiency.  Also note that for the high-
inductance machine that the curves for the various speeds shown; 1800, 3600, and 6000 rpm are much 
closer to the performance of the DMIC driven motor which has a single curve describing all operating 
speeds greater than 1800 rpm.  While the performance with CPA is closer to the DMIC for a high-
inductance machine, the current with the DMIC drive is always at least as low as with the CPA, such that 
the DMIC should have an efficiency advantage especially at high speed and less than full load.  Although 
not shown here, a further increase in dc supply voltage, say from 203.8–250 V, would further reduce the 
motor current with DMIC, but has a very modest impact on the CPA drive.  Figure 9 clearly indicates that 
it may be very advantageous to have an inductance greater than L∞ .  Thus, it is difficult to accept L∞ as 
an “optimum” design target for traction drives. 
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V 203.8V @ DMIC&CPA dc =  V 146.1V @ DMIC&CPA dc =

 
Fig. 8. RMS motor current vs. power output during high-speed operation of Motor 1 with 146.1 V and 

203.8 Vdc supply voltages when driven by CPA or by DMIC. 
 

 
V 203.8V  with2 Motor dc =  V 203.8V  with1 Motor dc =

 
Fig. 9. RMS motor current vs. power output during high-speed operation 

 of Motor 1 and Motor 2 with 203.8 Vdc supply. 
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The results in this section highlight the key difference between CPA and DMIC with respect to motor-
current-magnitude control during high-speed operation.  At high speed, the rms motor current for the two 
different PMSM motor control methods approach 
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The motor current at high speed with CPA is the characteristic current which depends only on motor 
parameters.  This has both positive and negative implications.  On the positive side, if the motor 
inductance is sufficiently large, then the characteristic current is less than the rated current thereby 
enabling operation in a wide CPSR.  On the negative side, two points can be made.  First, the 
characteristic current is independent of load, meaning that the efficiency can be poor under light load and 
variable load conditions at high speed.  Second, since the characteristic current is independent of dc 
supply voltage, providing a dc supply voltage beyond what is necessary to support rated torque at base 
speed cannot reduce the motor current at high speed.  The motor current at high speed with DMIC is 
proportional to load power such that good efficiency can be maintained under light load and variable load 
conditions.  Also, the high-speed current is independent of machine inductance.  Whether the inductance 
is large or small, the high-speed current will be the same.  The difference in behavior between a large or 
small motor inductance will lie in the firing of the thyristors, which will always adjust the total inductance 
to minimize the rms amps per developed watt.  Finally, with the DMIC the high-speed current is inversely 
proportional to supply voltage.  Therefore, significant reduction in motor-current magnitude and attendant 
reductions in motor and inverter losses can be achieved by providing more supply voltage than is required 
to support the specified base-speed conditions. 
 
3.4 STEADY-STATE CONTROL INCLUDING WINDING RESISTANCE AND 

ROTATIONAL LOSSES 
 
The analysis given above neglected winding resistance and rotational losses.  Neglecting these factors 
made the analysis simpler and led to compact expressions which provide considerable insight into the 
control of the PMSM traction drive in the constant-torque and constant-power modes.  However, the 
control objective is to develop the required motor torque/power while minimizing the losses using 
sinusoidal PWM.  In PWM control, there are two variables; the amplitude-modulation index, am , which 
has been defined as the ratio of the applied fundamental-frequency phase voltage, and the inverter-lead 
angle, δ , which will be used with the PWM reference signals.  In this section, expressions are given for 

am and δ for the PMSM traction drive that include winding resistance and rotational losses. The 
availability of these expressions will be useful in analyzing the performance of the dynamic PWM 
controller developed during future work.  The CPA drive is addressed in Section 3.4.1 while the 
corresponding results for the DMIC drive are given in Section 3.4.2.  
 
3.4.1 Amplitude-Modulation Index and Inverter-Lead Angle for CPA 
 
During low-speed operation in the constant-torque mode, both the amplitude-modulation index and the 
inverter-lead angle can be adjusted.  This allows the motor current to be placed in phase with the motor 
emf.  Since all of the motor current produces torque, the rotor copper losses are minimized by this 
maximum torque per amp control.  The required torque is 
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where outT  is the useful output torque and rotT  is the torque required to supply rotational losses.  Using 
the equivalent circuit of Fig. 2 with bX n X= , the applied fundamental-frequency voltage required to 
drive this current into the motor is 
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The necessary amplitude-modulation index is 
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while the lead angle is given by 
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Note that the amplitude-modulation index and the lead angle depend on speed and on load.  Assuming full 
overmodulation, the constant-torque control region ends at the “true base speed” btn  which causes the 

amplitude-modulation index to be equal to 
π
4 ; i.e., the true base speed is the solution of 
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which has solution 
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Above the true base speed is the constant-power mode.  The torque-producing component of current 
required to sustain speed and load is given by 
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where P is the total required power, outP  is the useful output power, and rotP  is the power supplied to 
rotational losses.  Since the applied voltage is maximum in this mode 
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while the appropriate inverter-lead angle is  
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The lead angle of Eq. (55) assures that the required power is developed but does not guarantee that the 
rms motor-current magnitude is within rating unless the inductance is L∞ or greater. 
 
3.4.2 Amplitude-Modulation Index and Inverter-Lead Angle for DMIC 
 
Operation of the DMIC is identical to that of CPA through the speed, minn , at which the CPA drive 
achieves unity-power factor.  Thus, in the constant-torque mode we have 
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The constant-power region is divided into two zones.  The first is between the true base speed and the 
speed, minn , at which the CPA drive reaches unity inverter-power factor.  When resistance is included, 
this speed can be calculated as 
 

 min 2 2 23 b b
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I E I X
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 (58) 

 
where P is the total power converted which is the sum of the useful output power, outP , and the rotational 
power losses rotP  and I is the minimum-current magnitude given by 
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The amplitude modulation and inverter-lead angles are  
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where Z and zθ  are from Eq. (56).  During the above constant-power zone, the thyristors are operated as 
a short circuit, i.e. thyX  is zero.  
 
In the second constant-power region, which is above minn , the amplitude-modulation index and lead 
angle are found from 
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If desired, the equivalent reactance of the thyristors can be computed as 
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The expressions for am  and δ  in this section for both CPA and DMIC, were derived based on an 
algebraic fundamental-frequency phasor model.  The expressions have been found to be very accurate 
when used in detailed time-domain simulation that includes PWM switching.  The analysis thus far 
incorporates winding resistance and rotational losses but neglects losses in the inverter. Inverter losses are 
an important factor in overall drive efficiency.  The next section discusses the calculation of inverter 
losses based on the use of the fundamental-frequency phasor model. 



31 

4.  INVERTER LOSSES 
 

Losses in inverter components include 
 

• Blocking losses, 
• Conduction losses, 
• Switching losses (transistors), and 
• Reverse-recovery losses (diodes and thyristors) 

 
Blocking losses are very small relative to the other inverter-loss mechanisms and are neglected in this 
work.  The remaining loss mechanisms are important and must have a proper accounting.  The method 
used to model and calculate the various inverter loss types are discussed individually below. 
 
4.1  CONDUCTION LOSSES 
 
Figure 10 shows “equivalents” of a transistor and bypass diode and thyristor that can be useful in 
determining the conduction losses.   
 

 
 

Fig. 10. Transistor with bypass diode and thyristor equivalents for determining conduction losses. 
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The notations used in the figure are as follows: 
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 thyristor resistance
 thyristor forward voltage drop
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The conduction losses of the transistor, diode, and thyristor are computed as 
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where 
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The device parameters ( , , , , ,  q q d d t tE R E R E R ) are generally contained on device-data sheets or can be 
derived from device data.  These parameters may be given in ranges of minimum, typical, and maximum 
and may be temperature/voltage sensitive.  Thermal modeling is not incorporated in this work and all 
parameters will be determined at a single device temperature such as 125oC.  Voltage effects will be 
incorporated whenever possible and generally involve scaling parameters up or down based on dc supply 
voltage.  The critical values needed to calculate the conduction losses are the average and rms currents 
through the transistors, diodes, and thyristors.  Since PWM action is involved during low-speed motor 
operation, these currents are difficult to evaluate accurately without using time-domain simulation of a 
detailed inverter model.  While such a detailed simulation model is available, the engineering time to 
calculate inverter losses using such an approach would be prohibitive.  An alternative approach uses the 
simplified fundamental-frequency models applied in Sections 2 and 3 to estimate the device currents 
needed to calculate conduction losses.  These losses are then combined with switching and reverse-
recovery loss calculations, which will be described subsequently. 
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Approximate values of the device average and rms currents can be obtained using the per-phase 
fundamental-frequency model shown in Fig. 11.  The model applies for both CPA and DMIC but, thyX  is 
zero for all operating conditions when using CPA. 
 

 
 

Fig. 11. Per-phase model used to calculate average and rms device currents. 
 
The model of Fig. 11 explicitly represents motor copper and rotational losses since 
 

  ( )

2

2

3

3

cu

b
rot

rot

P I R

nE
P

R

=

=
  .   (64) 

 
In this study, the winding resistance is fixed for both the example motor designs.  No correction is 
attempted for temperature or skin effect.  Similarly the speed sensitive losses are fixed functions of speed, 
as shown in Table 1, and are not corrected for operating conditions such as current level or temperature.  
Inverter losses are not explicitly represented in the model of Fig. 11.  The average and rms device currents 
required to compute conduction losses will be determined based on the rms motor current, I , and on the 
phase relationship between motor-current phasor, I , and the inverter voltage and back-emf phasors, 
V and E , respectively. 
 
If the current and back-emf phasors are known, then combined with knowledge of the machine impedance 
at the given speed 
 
 ( )V E I R jX= + +   . (65) 
 
Let the motor back-emf be the phasor reference and let 
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Due to the fact that the voltage-phasor magnitude, V , is limited by the dc supply voltage, the amplitude-
modulation index lies in the range 
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where 4/π is the first term in the fundamental Fourier expansion of a square wave. 
 
Approximate values of the average and rms device currents for a CPA drive can be calculated as 
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while the approximate values for a DMIC drive can be calculated from 
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These equations are adapted from the work described in Refs. [10] and [11].  The formulas apply for 
speed conditions above and below base speed.  Above base speed, the motor terminal voltage V  is at the 
maximum value and the amplitude-modulation index is at its upper limit ( 4 /π ).  The expressions rely on 
the motor and inverter-component currents being dominated by their fundamental-frequency components; 
which means that the effects of harmonic currents introduced by PWM and/or by six-step switching are 
neglected. 
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To assess the accuracy of the above formulas, two load conditions (one below and one above base speed) 
are investigated using a detailed time-domain switching model to calculate average and rms device 
currents, which are then compared with the approximate values given above.  The Motor 2 design is used 
for the demonstration. 
 
The first operating condition is 60% of base speed, n = 0.6 or 540 rpm, and 60% of rated torque 
(38.2 Nm).  The dc supply voltage is assumed to be 207.4 V.  Rotational losses are neglected.  In this 
case, the rms motor current is 60% of its rated value 
 
 0.6 25.8 ARI I= = . (70) 
 
The motor current is in phase with the back-emf in order to maximize the torque per amp so that 0θ = .  
The applied fundamental-frequency phase voltage necessary to support this condition given by Eq. (48) is 
 
 ( ) 41.1557 43.7443o

b bV nE I R jnXδ∠ = + + = ∠ .     (71) 
 
This result applies for both CPA and DMIC since the thyristors, which are fired so that 0thyX = ,  do not 
participate in the PWM control at low speed.  Thus, 
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. (72) 

 
Applying the device-current formulas, Eqs. (51) and (52) 
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A detailed PSPICE time-domain simulator, which represents inverter components as ideal switches but 
includes PWM switching operations, was used to calculate the same values of current.  Instantaneous and 
rms motor current and instantaneous, average, and rms values of transistor, bypass diode, and thyristor 
currents are shown in Fig. 12 for a PWM carrier frequency of 8505 Hz (frequency modulation index of 
63).  Figure 13 is the detailed simulation results for a carrier frequency of 2025 Hz (frequency modulation 
index of 16).  The simulated quantities and theoretical values are compared in Table 3. 
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a. Motor currents and power. 

 
 

           Time

8.00ms 9.00ms 10.00ms 11.00ms 12.00ms 13.00ms 14.00ms7.41ms 14.82ms
V(58) AVG(V(58)) RMS(V(58))

0V

13V

25V

38V

50V

AVG = 11.61 A, RMS = 18.24 A

AVG = 11.68 A, RMS = 18.33 A

THEORETICAL

PSPICEINSTANTANEOUS, AVERAGE & RMS THYRISTOR CURRENT

V(56) AVG(V(56)) RMS(V(56))
0V

13V

25V

38V

50V

AVG = 3.97 A, RMS = 10.48 A
THEORETICAL

AVG = 3.96 A, RMS = 10.44 A

PSPICEINSTANTANEOUS, AVERAGE & RMS DIODE CURRENT

V(55) AVG(V(55)) RMS(V(55))
0V

25V

38V

50V

SEL>> AVG = 7.66 A, RMS = 14.96 A

THEORETICAL

PSPICE
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b.Transistor, bypass diode, and thyristor currents. 

 
Fig. 12. Time-domain simulation of Motor 2 at 540 rpm and 60% rated torque with 207.4 Vdc supply, 

and a carrier frequency of  8505 Hz. 
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b. Transistor, bypass diode, and thyristor currents. 

 
Fig. 13. Time-domain simulation of Motor 2 at 540 rpm, 60% rated torque with 207.4 Vdc supply, and a 

carrier frequency of 2025 Hz. 
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Table 3. Comparison of theoretical and simulated Motor 2 and inverter-current magnitudes at  
540 rpm, 60% rated torque, and dc supply of 207.4 V. 

 
 Theoretical fc = 8505 Hz fc = 2025 Hz 

Parameter    

outP  2160 W 2162 W 2160 W 

I (rms motor current) 25.8 A 25.8 A 25.9 A 

q avgI −              7.66 A 7.70 A 7.68 A 

q rmsI −  14.96 A 15.03 A 15.02 A 

d avgI −  3.96 A 3.97 A 3.97 A 

d rmsI −  10.44 A 10.48 A 10.47 A  

t avgI −  11.61 A 11.68 A 11.65 A 

t rmsI −  18.24 A 18.33 A 18.31 A 

 
The results in Table 3 show that the simplified fundamental-frequency model predicts average and rms 
inverter-component currents with accuracy within 1% of simulated values for this low-speed operating 
point.  The table also shows that switching frequency has only a minor effect on the device-current 
magnitudes computed with the detailed time-domain simulator.  The time-domain simulator involves 
numerical simulation and small differences resulting from computational precision are to be expected.  
The results indicate that the fundamental-frequency model predicts average and rms inverter-component 
currents during low-speed operation with sufficient accuracy to have confidence in the results obtained 
with this simplified model. 
 
As a final test of the simplified model, the Motor 2 design was examined at a high-speed operating 
condition; 3000 rpm (n = 3.333) and 25% of rated power (1500 W).  Since the CPA and DMIC differ in 
their performance for this operating condition, both drive options were considered. 
 
Figure 14 shows the simplified per-phase fundamental-frequency model solved for this operating 
condition for the CPA drive method including rotational losses.  In constructing the phasor solutions, the 
analyses in Sections 2 and 3 were suitably modified to include the effects of copper and rotational losses.  
Note that the motor efficiency calculated based on Fig. 14 is 93.7%.  While not shown here, the efficiency 
of Motor 1, which has the “optimal” inductance, at the same operating condition and using the same dc 
supply voltage is only 91.3%. 
 

 
 

Fig. 14. Per-phase fundamental-frequency model of the Motor 1 design driven by CPA at 3000 rpm  
and 1500 W useful output power with rotational losses included. 
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From Fig. 14 we find that 
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This load condition was simulated using the detailed time-domain CPA simulator.  Simulation results 
showing phase currents, developed power, and average and rms transistor and bypass diode currents are 
given in Fig. 15.  The device-current magnitudes computed with the fundamental-frequency model 
formulas are compared below with the values from the simulation 
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The agreement between the simplified model and the detailed simulation is not quite as good at high 
speed as what was observed below base speed.  Perhaps the difference lies in the low-frequency 
harmonics introduced at high speed by six-step switching.  However, transistor average and rms currents 
between the simplified model and the simulation are within 2.5%.  While the difference in rms diode 
current is more than 7.5%, the average diode currents are within 2.5% of each other.  Diode-conduction 
losses are generally a factor of two smaller than transistor-conduction losses.  Except at very high diode 
currents, the conduction losses of the diodes will be weighted more heavily towards the contribution of 
the forward voltage drop and average current than by the diode resistance and rms current.  Based on this 
assessment, the simplified model is still considered sufficiently accurate to be used to predict the losses of 
the CPA driven Motor 1 and Motor 2 designs. 
 
The same high-speed operating condition was examined using the DMIC.  Figure 16 is a solved per-phase 
fundamental-frequency model of the condition using the DMIC. 
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a. Motor currents and power. 
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b. Transistor, bypass diode, and thyristor currents. 

 
Fig. 15. Time-domain simulation results of the CPA simulator driving the Motor 2 design at  

3000 rpm and 1500 W output with rotational losses included. 
 

 
 

Fig. 16. Per-phase fundamental-frequency model of the Motor 2 design driven by DMIC at 3000 rpm  
and 1500 W useful output power with rotational losses included. 
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Observe that the motor efficiency of the DMIC driven Motor 2 at 3000 rpm at 1500 W of useful output is 
94.8%.  Although not shown here, the motor efficiency of Motor 1 driven at the same condition and from 
the same dc supply would also be 94.8%.   
 
From Fig. 16, we find that 
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 (76) 

 
This load condition was simulated using the detailed time-domain DMIC simulator.  Simulation results 
showing phase currents, developed power, and average and rms transistor and bypass diode currents are 
given in Fig. 17.  The device-current magnitudes computed with the fundamental-frequency model 
formulas are compared below with the values from the simulation 
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The fundamental-frequency model predicts the average transistor, diode, and thyristor currents with less 
than 1% error; however, there is approximately 9% difference between the simplified model and the 
simulator with respect to the rms transistor and thyristor currents.  This is due to the low-frequency 
harmonics introduced by the six-step switching and by the action of the DMIC inverter at high speed.  
While this will result in some error in the estimation of the 2i R losses in the transistors and thyristors, the 
loss of accuracy will be less than 10% of total semiconductor losses assuming that the forward drop losses 
and body resistance losses are about the same magnitude. 
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a. Motor currents and power. 
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b. Transistor, bypass diode, and thyristor currents. 

 
Fig. 17. Time-domain simulation results of the DMIC simulator driving the Motor 1 design at  

3000 rpm and 1500 W output with rotational losses included. 
 

The next section considers the calculation of switching losses. 
 
4.2 SWITCHING LOSSES 
 
Figure 18 shows a simplified representation of the dynamics of switch turn-on and turn-off.  In the figure, 

offV and onV are the off-state and on-state voltages respectively, while offI and onI are the off-state and on-
state currents.  The off-state voltage depends on the dc supply voltage and the on-state current will be 
dependent on the impedance of the load.  The turn-on and turn-off times are denoted as onτ  and offτ .  The 
off-state current and on-state voltages have minimal impact on the total energy absorbed by the switch 
during turn-on and turn-off.  Neglecting offI  and onV , the energy absorbed during one turn-on and one 
turn-off operation, as depicted in the idealization of Fig. 18, is given by 



44 

 
6

6

sw on off

off on
on on

off on
off off

E E E

V I
E

V I
E

τ

τ

= +

= ⋅

= ⋅

.      (78) 

 

 
 

Fig. 18. Simplified description of switching dynamics during turn-on and turn-off. 
 

If there is one turn-on and one turn-off operation each time period, T , then the average switching losses 
over one period is given by 
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The voltage and current dynamics of semiconductors undergoing switching can be much more 
complicated than the idealization shown in Fig. 18.  Generally, device-data sheets will display switching 
losses versus on-state current for a fixed voltage and one or more device temperatures, such as 25°C and 
125°C.  Such characteristics can easily be corrected for actual voltage conditions since the switching 
energy is generally linear in voltage.  In this study and evaluation, temperature effects will be 
incorporated by choosing the characteristics associated at maximum device temperature.   
 
The switching losses described above apply to transistors.  The main switching losses of diodes and 
thyristors are associated with reverse recovery which is described in the next section. 
 
4.3 REVERSE-RECOVERY LOSSES 
 
The reverse-recovery phenomenon is associated with a conducting diode or thyristor undergoing 
transition from the forward-current conducting state to the reverse-voltage blocking state.  The process is 
dependent on forward current, reverse voltage, and temperature.  Idealized voltage and current waveforms 
are shown in Fig. 19.  In the figure, onI  is the initial forward current, rrI is the peak reverse-recovery 
current, RV  is the final reverse voltage, at  is the time between the current zero crossing and the instant 
that the peak reverse current is reached, bt is the time for the reverse current to decay to 10% of the peak-
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reverse current, and rrt is the reverse-recovery time which is the sum of at  and bt .  For most devices, the 
reverse-recovery time is dominated by the time, bt .  Since the device voltage is approximately zero 
during the interval denoted as at , the energy absorbed during reverse recovery is given by 
 

 rrRrr
rr

Rb
rr

Rrr QV5.0t
2
IVt

2
IVE =≈= ,      (80) 

 
where rrQ  is the peak-recovery charge. 
 

 
Fig. 19. Reverse-recovery current and voltage. 

 
If there is one reverse recovery during each time period, T , then the average power loss during recovery 
is 
 

 
1  rr rr rrP E f E
T

= = .      (81) 

 
A device-data sheet may specify the information needed to determine rrE  in various ways.  One common 
method for bypass diodes is to provide plots of reverse-recovery time, rrt , and reverse-recovery current, 

rrI , versus the forward current through the companion transistor.  In the case of CPA and DMIC, the 
forward current through the companion transistor can be represented as the “average transistor current” as 
determined in Section 4.1.  For thyristors, the reverse-recovery charge, rrQ , may be plotted versus the 
time rate of change of thyristor current at turn-off for various values of forward current.  In the DMIC 
application, the commutation of thyristors is natural and occurs at the zero crossings of the thyristor 
current.  Thus, it is appropriate to choose the rrQ curve corresponding to the smallest forward current for 
which data is given.  The time rate of change of current can be approximated using the fundamental-
current component.  Let the instantaneous fundamental current be written as 
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 ( )1( ) 2 sin bi t I n tω θ= + .      (82) 
 
Then the rate of change of this current at its zero crossing is  
 

 2b
di n I
dt

ω→ .      (83) 

 
In addition, the voltage blocked by a commutating thyristor at the commutation instant is not necessarily 
the dc supply voltage as it is for the bypass diodes, but rather the instantaneous phase-to-neutral back-
emf.  Given the fundamental current as above which is zero at the commutation instant so that 

θω −=tn b  and the instantaneous phase-to-neutral back-emf 
 
 ( )( ) 2 sinb be t n E n tω= , (84) 
 
the magnitude of the commutating voltage at the commutation instant is 
 
 ( )2 sinR bV n E θ= .      (85) 
 
Thus, the rate of change of thyristor current during reverse recovery and reverse voltage both increase 
linearly with speed;  therefore, the reverse-recovery losses of the thyristor will increase more than linearly 
with speed. 
 
4.4 INVERTER SEMICONDUCTOR SELECTIONS FOR THE MOTOR 1 AND  

MOTOR 2 DESIGNS AND LOSS-MODEL PARAMETERS 
 

The evaluation of the Motor 1 and Motor 2 designs will include inverter-loss mechanisms based on 
“typical” semiconductor parameters obtained from manufacturers’ data sheets. 
 
The insulated gate bipolar transistor (IGBT) module used with both motor designs is the Fairchild 
FMG1G75US60H whose data sheet is given in Appendix A.1.  The relevant parameters of the module are 
given in Table 4.  This device has 600 V, 75 A capability and switching rate capability up to 20 kHz.  
This module was specified by the developers of the prototype PMSM that is under study [9]. 
 
Two thyristor modules are used.  The first is a EUPEC TT46F08 which is an inverter-grade SCR.  Data 
sheet for the TT46F08 is given in Appendix A.2.  The second SCR module is a EUPEC TT61N which is 
a converter-grade SCR.  The data sheet for the TT61N is contained in Appendix A.3.  The converter-
grade SCR has an average forward-current conduction capability of 61 A which is three times larger than 
required in the Motor 1, Motor 2 applications, and a voltage blocking capability of 1400 V which is more 
than required.  It is not clear whether or not the converter-grade SCR can sustain operation in the 
application being considered because the fundamental switching rate is 1.5 kHz at top speed of 6000 rpm.  
This question would have to be answered by experimentation.  The 61 A module was the smallest rating 
device that was available from the manufacturer’s website.  This device has significant reverse-recovery 
charge and consequently high reverse-recovery losses.  A lower rating device would likely have smaller 
reverse-recovery losses since the recovery charge is proportional to volume, which would decrease with 
reduced current rating.  The inverter-grade SCR has an average forward-current rating of 45 A which is 
more than twice the rating required in the applications under study and a voltage blocking capability of 
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800 V.  The inverter-grade SCR has low reverse-recovery charge and losses.  The critical parameters for 
both the inverter and converter-grade thyristors are given in Table 4. 
 

Table 4.  Typical semiconductor parameters  
 

IGBT conduction losses from Appendix A.1. 
1.2 V, 0.0125 q qE R= = Ω  

1.2 V, 0.0097 d dE R= = Ω  
Switching losses 

4600 J/pulse, test voltage = 300 VswE μ=  
Bypass diode reverse recovery 

9 A, 130 nsec, test voltag = 300 Vrr rrI t= =  
 
Inverter-grade thyristor from Appendix A.2 
Conduction losses 

0.71 V, 0.0034 thy thyE R= = Ω  

 Reverse recovery 
30 rrQ coulombsμ=  

 
Converter-grade thyristor from Appendix A.3 
Conduction losses 

0.88 V, 0.0034 thy thyE R= = Ω  

 Reverse recovery 

( )

{ }

log 0.2320log 1.0703

/  in amp/sec,  in coulombs

rr

rr

diQ
dt

di dt Q μ

⎛ ⎞= +⎜ ⎟
⎝ ⎠  

 
In the next section, the fundamental-frequency model combining motor and inverter losses is used to 
study the control and performance of Motor 1 when operating at full load and one quarter load over the 
full speed range.  The performance of both the CPA drive and the DMIC case are presented. 
 
4.5  INTEGRATED MOTOR/INVERTER MODEL SIMULATION 
 
Using the motor models developed in Sections 2 and 3 and the inverter model developed above, the 
performance of Motor 1 was simulated to explore the control over the full speed range when operating at 
full and at one quarter of rated power.  Winding resistance, rotational losses, and inverter losses are 
included in the simulation.  The dc supply voltage is the minimum required to support base-speed 
condition which is 151 V.  For the CPA drive, the IGBT module parameters are those of Table 4.  The 
same IGBT module is used with the DMIC drive and the thyristor parameters are those of the inverter-
grade thyristor also given in Table 4. 
 
Figure 20 shows the simulation results up to the top speed of 6000 rpm.  Figure 20(a) shows the rms 
motor current, applied fundamental voltage, inverter-lead angle, required and developed power, and 
required and developed torque versus rpm.  Since the motor is being controlled to exactly follow the 
required torque-speed curve, the required and developed torque curves are identical as are the required 
and developed power curves.  Since the dc supply voltage is the minimum necessary to support rated 
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power at the specified base speed of 900 rpm, the voltage plot shows that maximum-phase voltage of 
68 V is reached at exactly the base speed and is constant for higher speeds.  The motor current is the rated 
current of 43.0 A during the constant-torque zone, drops to a minimum current of 30.5 A during constant-
power operation, and is 37.5 A at 6000 rpm.  The characteristic current is the same as the rated current of 
43.0 A for this motor.  Figure 20(b) shows the IGBT losses broken down by conduction loss, switching 
loss, reverse-recovery loss, and total loss.  PWM switching frequency and amplitude-modulation index 
are also displayed.  Note that the switching frequency is at the maximum 20 kHz rate up to that speed 
where the amplitude-modulation index equals unity and then declines to the fundamental-motor frequency 
at the base speed of 900 rpm where the amplitude-modulation index reaches the maximum value of 4 /π .  
The IGBT switching losses are approximately 135 W while switching at the 20 kHz and decline to a very 
low value once the transistor switching becomes the fundamental rate at 900 rpm and above.  The 
conduction losses are approximately 205 W at low speed and the shape of the conduction-loss curves is 
similar to the rms motor-current curve shown in Fig. 20(a).  Figure 20(c) displays motor losses and 
efficiency, inverter losses and efficiency, output power, total losses, and total drive efficiency versus 
speed.  The efficiency of the motor, inverter, and overall drive are marked at 3000 and 6000 rpm.  Note 
that the motor losses at 6000 rpm are 600 W, which is composed of 300 W of rotational loss (Table 1) 
and 300 W of copper losses.  The total inverter losses are approximately 180 W at 6000 rpm.  For 
comparison, the results of this same case with the DMIC drive are given below. 
 

 
a.  RMS current, applied fundamental voltage, lead angle, required and developed power, and 

required and developed torque vs. rpm. 
 

Fig. 20. Simulation of Motor 1 driven by CPA, operating at full load (6000 W) from  
a 151 Vdc supply voltage. 
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b.  IGBT losses, PWM switching frequency, and amplitude-modulation index vs. rpm. 

 
c.  Motor losses and efficiency, inverter losses and efficiency, output power,  

total losses, and overall efficiency vs. rpm. 
 

Fig. 20. Simulation of Motor 1 driven by CPA, operating at full load (6000 W) 
from a 151 Vdc supply voltage (cont’d). 
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Figure 21 shows the simulation results for Motor 1 at full load over the speed range operating from a 
151 Vdc supply when driven by DMIC.  Figure 21(a) is completely analogous to Fig. 20(a) which was for 
the DMIC drive.  Note that the rms current from zero speed to 1794 rpm, which is where the minimum 
current is observed, is the same as for the CPA drive.  Beyond 1794 rpm, the DMIC drive current is held 
nearly at the minimum current but rises slightly due to the increase in motor-rotational losses with speed.  
The current at 6000 rpm is 32 A as compared to 37.5 A for the CPA case.  Figure 21(b) displays the 
IGBT losses, the thyristor losses, and the total inverter losses versus speed.  The low speed (less than 
900 rpm) total inverter losses are about 440 W which are composed of 340 W in the IGBTs and 100 W in 
the thyristors.  For the CPA case as shown in Fig. 20(b), the total inverter losses were just the IGBT 
losses of 340 W.  Thus, the DMIC efficiency from zero speed up to at least base speed will be worse than 
CPA due to the identical motor currents and the added losses in the thyristors. 
 
Figure 21(c) is analogous to that of Fig. 20(c) and displays motor losses and efficiency, inverter losses 
and efficiency, output power, and total losses and efficiency versus rpm.  The motor, inverter, and overall 
drive efficiencies are indicated on the figure for 3000 and 6000 rpm. Observe that the total efficiency of 
the DMIC drive at 3000 rpm, 0.9293 is slightly worse than that of the CPA drive, 0.9301.  At 6000 rpm, 
the overall efficiency of the DMIC drive is 0.8875 which is about the same as that of the CPA drive, 
0.8863.  A comparison based solely on full-load operation does not favor the DMIC drive since its 
efficiency isn’t clearly superior in view of the added cost of the thyristors.  At less than full load, the 
current minimization feature of the DMIC makes its performance much more desirable.  This will be 
shown by rerunning the simulations for one quarter full load across the 6000 rpm speed range. 
 

 
a.  RMS current, applied fundamental voltage, lead angle, required and developed power, 

and required and developed torque vs. rpm. 
 

Fig. 21. Simulation of Motor 1 driven by DMIC, operating at full load (6000 W) from  
a 151 Vdc supply voltage. 
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b.  IGBT losses, SCR losses, and total inverter losses vs. rpm. 

 
c.  Motor losses and efficiency, inverter losses and efficiency, output power, 

total losses, and overall efficiency vs. rpm. 
 

Fig. 21. Simulation of Motor 1 driven by DMIC, operating at full load (6000 W) from  
a 151 Vdc supply voltage (cont’d). 
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Figure 22 shows the simulated performance of Motor 1 when operating at one quarter load over the 
6000 rpm speed range when driven by CPA.  Figure 22(a) displays the rms motor current, applied rms 
fundamental phase voltage, inverter-lead angle, required and developed power, and required and 
developed torque.  The control was implemented for useful output of exactly one quarter of full load at 
each speed.  Note that the minimum current is 7.5 A at 1325 rpm, but as speed increases the current 
magnitude approaches the characteristic current (43.0 A) and reaches a value of 33.9 A at 6000 rpm.  One 
should expect that the efficiency at one quarter load will be poor due to the tendency of the motor current 
towards the characteristic value.  Figure 22(b) displays motor losses and efficiency, inverter losses and 
efficiency, total losses, and overall drive efficiency versus rpm.  The motor, inverter, and total drive 
efficiencies at 3000 and 6000 rpm are indicated on the figure.  For comparison, the same load condition 
was run for the DMIC drive and the results are displayed in Fig. 23. 
 

 
a.  RMS current, applied fundamental voltage, lead angle, required and developed power, 

and required and developed torque vs. rpm. 
 

Fig. 22. Simulation of Motor 1 driven by CPA, operating at quarter of load (1500 W) from  
a 151 Vdc supply voltage. 
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b.  Motor losses and efficiency, inverter losses and efficiency, output power, 

total losses, and overall efficiency vs. rpm. 
 

Fig. 22. Simulation of Motor 1 driven by CPA, operating at quarter of load (1500 W) 
from a 151 Vdc supply voltage (cont’d). 
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a.  RMS current, applied fundamental voltage, lead angle, required and developed power, 

and required and developed torque vs. rpm. 

 
b. Motor losses and efficiency, inverter losses and efficiency, output power, 

total losses and overall efficiency vs. rpm. 
 

Fig. 23. Simulation of Motor 1 driven by DMIC, operating at quarter load (1500 W) from  
a 151 Vdc supply voltage. 
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Figure 23(a) shows that the minimum current with DMIC for one quarter load is 7.5 A at 1325 rpm, 
which is the same as observed with CPA.  However, as speed increases above 1325 rpm, the rms motor 
current with the DMIC remains about the same as the minimum value, but rises slightly to satisfy 
increased rotational losses in the motor.  At 6000 rpm, the current is 8.9 A as compared to 33.9 A for 
CPA.  Figure 23(b) shows the motor, inverter, and overall drive efficiency.  Efficiency values at 3000 and 
6000 rpm are marked on the figure.  The overall efficiency of the DMIC drive is 7.5% percentage points 
higher at 3000 rpm (0.9071 versus 0.8320) and 8.6% percentage points higher at 6000 rpm (0.7722 versus 
0.6865). These improvements are due to the current minimizing capability of the DMIC at high speed.  
Note that the motor efficiency with the DMIC is 0.8256 at 6000 rpm.  While this value seems low, the 
motor has 300 W of rotational losses at 6000 rpm.  These rotational losses are beyond the influence of the 
motor drive.  When developing 1500 W of useful power, the motor efficiency would be 0.8333, assuming 
no copper losses.  Thus, the DMIC value of 0.8256 is quite high considering that the motor efficiency 
with the CPA drive was 0.7334. 
 
Impact of dc supply voltage, inductance, and drive topology are addressed in the next section using the 
models developed above. 
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5.  IMPACT OF SUPPLY VOLTAGE, INDUCTANCE, AND INVERTER TOPOLOGY 
ON DRIVE PERFORMANCE 

 
In this section, the two example motors are used to explore the benefits of having inductance higher than 
the optimal value, the potential benefit of providing extra dc supply voltage, the potential benefit of 
DMIC versus CPA, and the impact of thyristor reverse-recovery losses on the performance of DMIC 
drives. 
 
5.1  IMPACT OF MOTOR INDUCTANCE BEING HIGHER THAN “OPTIMAL” 
 
Motor inductance is a critical factor in determining the CPSR of a PMSM when driven by CPA.  For the 
two motors being evaluated in this study, the first has the “optimal” inductance of 765 Hμ while the 
second has a much larger value, 1300 Hμ .  In the first section below, the performance of these two 
motors are compared over the entire torque-speed range using the fundamental-frequency model 
developed in previous sections.  Each motor is supplied by a dc voltage sufficient to achieve rated torque, 
63.7 Nm, at the specified base speed.  For the low-inductance motor, the supply voltage is 151 V while 
the higher inductance requires a 208 V supply.  Performance was simulated for values of rpm from 20–
6000 rpm in steps of 20 rpm and for load levels from full load down to 25/6000 of full load in steps of 
25/6000 of full load.  Results of the simulations are shown in Fig. 24.  The plots in Fig. 24 and in 
subsequent plots in this section are three-dimensional renderings with shading.  The colors used in the 
shading denote magnitude.  The highest values are red; the lowest values are dark blue.  The transition 
from high value to low value is red to yellow to green to aqua to blue.  The x axis of each plot is rpm from 
0–6000 while the y axis is torque from 0–63.7 Nm.  The z axis variable and its scaling depends on the 
quantity being displayed. 

 
a.  Comparison of torque-producing current, field-weakening current, and rms current. 

 
Fig.  24. Performance comparison of Motor 1 (with 151 Vdc supply voltage) and Motor 2 (with 208 Vdc 

supply voltage) when driven by CPA over the full torque-speed envelope. 
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b.  Comparison of motor, inverter, and total drive losses. 

 
c.  Comparison of motor, inverter, and drive efficiency. 

 
Fig.  24. Performance comparison of Motor 1 (with 151 Vdc supply voltage) and Motor 2 (with 208 Vdc 

supply voltage) when driven by CPA over the full torque-speed envelope (cont’d). 
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d.  Motor, inverter, and overall drive efficiency differences. 

 
e.  Comparison of amplitude-modulation index, lead angle, and inverter-power factor. 

 
Fig.  24. Performance comparison of Motor 1 (with 151 Vdc supply voltage) and Motor 2 (with 208 Vdc 

supply voltage) when driven by CPA over the full torque-speed envelope (cont’d). 
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Figure 24(a) compares the torque-producing current component, rI , field-weakening current component, 

xI , and rms motor current, I , for the two motors.  Since the two motors are controlled to achieve the 
same torque-speed conditions, the torque-producing current components are identical; however, the field-
weakening component is smaller at high-speed conditions for the high-inductance motor.  This results in 
the rms current of the high-inductance motor also being smaller.  Figure 24(b) compares the motor losses, 
inverter losses, and total losses.  The motor losses are identical below base speed.  Above base speed, the 
losses of the high-inductance motor are smaller due to its lower current level.  The inverter losses of high-
inductance motor are slightly larger during operation at and below base speed, 900 rpm.  This is due to 
the fact that the higher inductance motor requires a higher dc voltage supply which increases the 
switching losses in the IGBTS.  During high-speed operation, the switching is at fundamental rate and the 
dominant loss mechanism in the inverter is the conduction loss.  Since the higher inductance motor 
operates at lower current, the inverter losses are lower at high speed than for the low-inductance machine.  
Figure 24(c) compares motor, inverter, and overall drive efficiency.  Differences between the two motor 
cases are very difficulty to distinguish due to scaling.  Accordingly at each torque-speed condition, the 
efficiency values for the low-inductance motor were subtracted from the corresponding value for the 
high-inductance motor.  The result is shown in Fig. 24(d). Figure 24(d) shows that, at base speed and 
below, there are essentially no differences in motor efficiency since, in the constant-torque mode, both 
motors operate at the same current.  However, above base speed the efficiency of Motor 2 is clearly 
superior being at most 0.1909 larger than that for Motor 1.  The inverter efficiency of Motor 2 is less than 
that of Motor 1 for a small operating region near base speed and encompassing light-load operation.  
Above base speed, the efficiency of the inverter is higher for Motor 2 and is at most 0.2405 larger than 
that for Motor 1.  The comparison for the overall drive efficiency is similar to that for the inverter.  There 
is a region in the vicinity of base speed and light load where Motor 1 has better over-all efficiency, but for 
high-speed operating conditions, Motor 2 has greater efficiency by at most 0.2751.  Figure 24(e) 
compares amplitude-modulation index, inverter-lead angle, and inverter-power factor for the two motor 
cases.  The comparison of the modulation index and lead angle shows that the control of these two motors 
is very similar despite the inductance difference so long as each motor has sufficient dc supply voltage to 
meet rated torque at base speed.  The motor power factors show that, for high-inductance CPA drives, the 
inverter-power factor is large at high speed when the load is near full load but decreases substantially at 
low load.  This is because the high-speed current is near the characteristic current which is independent of 
the load. 
 
Based on the comparisons in Fig. 24, it is difficult to believe that Motor 1 which has the “optimal 
inductance” for field weakening is superior to Motor 2 which has 1.7 times as much inductance when 
both motors are driven by CPA.  The characteristic current of Motor 2 is lower than for Motor 1.  Since 
the machine current approaches the characteristic current at high speed, there is a definite advantage for 
being able to operate at low current.  So long as each machine is given sufficient dc supply voltage to 
support rated torque at base speed, the higher inductance machine will have greater efficiency at high 
speed.  There is a small penalty on the IGBT switching losses at low speed with Motor 2 due to the higher 
dc supply voltage.  The lower inductance Motor 1 would be favored over the higher inductance Motor 2 
only in an application where substantial operating time was spent at slow speed conditions. 
 
The next section considers the impact of having a dc supply voltage larger than the minimum required to 
support rated torque at base speed. 
 
5.2  IMPACT OF DC SUPPLY VOLTAGE GREATER THAN THE MINIMUM 
 
Using a dc supply voltage higher than the minimum necessary to achieve rated torque at base speed can 
be considered a form of “cheating” to achieve CPSR objectives.  Any motor having an inductance higher 
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than the “optimal” value of L∞ , as given in Eq. (21), has an infinite CPSR.  Therefore, any increase in 
supply voltage above the minimum would not provide improved CPSR but might impact motor current 
and efficiency.  In the previous section, the performance of Motor 1 and Motor 2 were compared with 
both machines having the minimum dc supply voltage to support rated torque at base speed; which is 
151 V for Motor 1 and 208 V for Motor 2.  Since the only difference in these two machines is the 
inductance, it is reasonable to infer that Motor 1 might benefit from the higher voltage that would 
automatically be provided for Motor 2.  The performance of Motor 1 was simulated over the entire 
torque-speed envelope for these two supply conditions and the results are shown in Fig. 25. 
 

 
a.  Comparison of torque-producing current, field-weakening current, and rms current. 

 
Fig. 25. Comparison of Motor 1 performance when operating from 151 V and 208 Vdc  

supply voltages when driven by CPA. 
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b.  Motor, inverter, and overall drive efficiency differences between  
the 208 V and 151 Vdc supply cases. 

 
c.  Comparison of amplitude-modulation index, inverter-lead angle, and inverter-power factor. 

 
Fig. 25. Comparison of Motor 1 performance when operating from 151 V and 208 Vdc  

supply voltages when driven by CPA (cont’d). 
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Figure 25(a) shows that the benefit of increased supply voltage is a reduction in field-weakening current.  
This arises from the fact that the “true base speed” increases from the reduced differential between back-
emf and the higher dc supply voltage.  Figure 25(b) shows the efficiency of the lower voltage case 
subtracted from the higher voltage case at each torque-speed operating condition.  This is done for the 
motor, inverter, and overall drive efficiency.  The figure shows that there is a substantial benefit to the 
motor efficiency when operating at high speed.  The benefit is the result of the fact that the minimum rms 
motor current is reduced by the additional supply voltage as given by Eq. (59) when winding resistance is 
included or Eq. (19) when winding resistance is neglected.  The motor efficiency at high speed is 
increased by as much as 0.1909 during high-speed operating conditions.  There is a small region in the 
vicinity of base speed with low load where the lower voltage results in greater efficiency.  But for high-
speed operation, the additional dc supply voltage improves efficiency.  It should also be noted that the 
additional supply voltage increases the maximum power-conversion capability although the control in 
these simulations constrains operation to the specified torque-speed envelope.  Figure 25(c) compares the 
amplitude-modulation index, inverter-lead angle, and inverter-power factor for the two supply voltage 
cases.  The effect of the additional voltage is clearly seen in the amplitude-modulation index.  The power-
factor curves confirm again that CPA drives have low power factor at high-speed light-load conditions 
resulting from the current magnitude tending towards the characteristic current. 
 
Based on the simulation results it would appear that additional supply voltage can be beneficial in 
improving high-speed efficiency.  It might be interesting to try and “optimize” the exact amount of 
additional dc supply voltage by positioning the unity-power condition to a speed at which the drive would 
commonly operate for a given application.  In automotive applications, this could be an rpm 
corresponding to 45 mph. 
 
Motor 1 was used to demonstrate the capability of the motor/inverter model for both the CPA and DMIC 
in Section 4.5.  In that earlier comparison, only the full-load and quarter-load conditions were examined.  
A more thorough assessment from near zero to full load across the full speed range is considered below.  
 
5.3 CPA VERSUS DMIC 
 
Figure 26 contains simulation results over the entire torque-speed envelope for Motor 1 when driven by 
CPA and by DMIC.  In both cases, the dc supply voltage is 151 V which is the minimum necessary to 
support rated torque at base speed.  The thyristor model used with the DMIC case is the “inverter grade” 
type given in Table 4. 
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a. Comparison of torque producing, field weakening, and rms current. 

 
b. Comparison of motor, inverter, and total losses. 

 
Fig. 26. Comparison of Motor 1 driven by CPA and DMIC from a 151 Vdc supply voltage. 
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c. Motor, inverter, and overall drive efficiency differences between DMIC and CPA. 

 
d.  Comparison of amplitude-modulation index, inverter-lead angle, 

and inverter-power factor. 
 

Fig. 26. Comparison of Motor 1 driven by CPA and DMIC from a 151 Vdc supply voltage (cont’d). 
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Figure 26(a) shows a key difference in the CPA and DMIC drives.  Specifically, the field-weakening 
component of current in the DMIC drive is proportional to load, as is the rms current.  In the CPA drive, 
the rms current approaches the characteristic current.  Since the torque-producing current decreases with 
speed and is identical for both the CPA and DMIC cases, the field-weakening current tends to the 
characteristic current at high speed.  Because the rms current in the DMIC drive is proportional to load, 
this drive can maintain high motor efficiency at high speed.  This is apparent in Fig. 26(b).  At high speed 
and especially at light load, the motor, inverter, and total losses are lower with the DMIC.  At low speed, 
the conduction losses of the DMIC thyristors result in greater inverter and overall losses.  At high speed, 
the inverter losses of the DMIC are lower, including the thyristors, due to the high-speed current 
minimization of the DMIC.  These effects are also seen in Fig. 26(c) in which the motor, inverter, and 
overall efficiency of the CPA case is subtracted from the corresponding DMIC case over all torque-speed 
conditions.  The motor is the main beneficiary of the DMIC due to the lower current at high speed; the 
motor efficiency is higher by as much as 0.2420.  The inverter efficiency is lower at and below speed due 
to the added thyristor conduction losses, but the inverter efficiency is higher during high-speed operation 
by as much as 0.1375.  In the overall efficiency, the DMIC may be as much as 0.0549 lower than the CPA 
during low-speed operation or as much as 0.2685 higher during the constant-power mode.  If the drive 
spends most of its operating time at or above base speed, then the efficiency of the DMIC may be 
significantly better than CPA when inverter-grade thyristors are used in the DMIC drive.  Figure 26(d) 
shows that the DMIC maintains unity inverter-power factor during high-speed operation under all load 
conditions. 
 
The final comparison considered here is the DMIC drive with converter-grade thyristors versus the 
inverter-grade thyristors.  The parameters of both types are given in Table 4. 
 
5.4 INVERTER VERSUS CONVERTER-GRADE THYRISTORS IN THE DMIC 
 
The impact of converter versus inverter-grade thyristors in the DMIC drive is mainly on the inverter 
losses and efficiency and on the total losses and efficiency.  For Motor 1 with 151 Vdc supply, the 
difference in inverter efficiency and total efficiency is shown in Fig. 27.  Below base speed the two cases 
are nearly identical.  Above base speed the reverse-recovery losses of the converter-grade thyristor are 
larger than those of the inverter grade.  Figure 27 shows that the inverter grade may have an efficiency 
that is at most 0.0768 larger than for the converter grade.  The figure also shows that the total efficiency 
with inverter-grade thyristors is as much as 0.0428 larger than for converter grade.  These differences 
occur at 6000 rpm where the fundamental frequency is 1.5 kHz.  Although the thyristor commutation in 
the DMIC occurs at natural current zeros crossings, it is not clear whether converter-grade thyristors are 
even capable of such switching rate.  The authors have done testing with converter-grade thyristors in a 
DMIC drive operating at 300 Hz and performance was satisfactory.  The motors under investigation have 
30 poles, which is the cause of the high fundamental rate.  At this point, it is not known whether 
converter-grade thrysistors would work for high-pole count PMSMs, but their use will result in decreased 
efficiency. 
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Fig.  27. Efficiency difference between inverter and converter-grade SCRs with Motor 1  

driven by DMIC with a 151 Vdc supply voltage. 
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6.  CONCLUSIONS 
 
Regarding control of PMSMs based on this study: 

• More inductance and more voltage are better. 
• Even with the benefit of both characteristic inductance and high voltage, CPA suffers from low 

efficiency. 
• DMIC solves this problem by assuring that the current used is proportional to load. 
• Automobiles spend most of their time at half speed, which is quarter load. 
• As gas prices soar and efficiency becomes more important to the consumer, DMIC has the 

potential to provide the highest efficiency possible. 
  
Regarding validation of methodology used in this study: 

• Expressions for the modulation index, ma, and inverter-lead angle, δ, which were derived based 
on an algebraic fundamental-frequency model, have been found to be very accurate when used in 
a detailed time-domain simulation that includes PWM switching. 

• Expressions for average and rms currents in diodes, transistors, and thyristors were compared 
with detailed time-domain simulations above and below base speed. 
– Below base speed where simulations for CPA and DMIC control are the same simulated 

losses at carrier frequencies of 8505 and 2025 Hz, agreed with theoretical model losses with 
1%. 

– Above base speed where separate simulations were necessary for CPA and DMIC 
 Simulated losses for CPA control were within 2.5% of the theoretical model for transistor 

average, rms current, and diode average currents.  Simulated loss of the diode rms 
current, which was not quite as good, was within 8% of the theoretical model. 

 Simulated losses for DMIC control were within 1% of the theoretical model for the 
average transistor, by-pass diode, and thyristor currents.  Simulated loss of the transistor 
and thyristor rms currents, which were not quite as good, were within 9% of the 
theoretical model. 

• Since diode losses are generally 1/2 transistor losses and conduction losses of diodes are weighted 
more by forward voltage drop and average current than by diode resistance (rms current losses), 
the simplified theoretical model is sufficiently accurate for this study. 

 
Regarding operation of PMSMs under CPA control: 

• Characteristic motor current, which permits operation at high CPSR, depends solely on machine 
parameters Eb, Ωb, and L and is independent of motor load and dc supply voltage.  This lowers its 
efficiency at partial load conditions.  Providing voltage higher than necessary to support rated 
torque at base speed cannot reduce the current at high speed. 

• It is advantageous to have the inductance higher than “optimal” because it enables the motor to 
develop the required power with lower current and attendant efficiency increase. 

• Even more voltage than the minimum required for injecting rated current at base speed can be 
beneficial because of lower current and attendant efficiency increase. 

• The speed at which minimum current, nmin, occurs depends linearly on developed power and 
inversely on the maximum fundamental-inverter voltage.  nmin, is a unique speed which varies 
with voltage leaving room for optimization.  If a motor spends a substantial amount of time at 
half speed, it could be desirable to choose a dc supply voltage which causes the minimum current 
at half speed.  This would involve using a dc supply larger than the minimum and using control to 
restrain the torque envelope. 



68 

• Control of the voltage-lead angle at high speeds allows a PMSM to operate at constant power, but 
it doesn't assure operation within rated current.  Inductance is the critical factor that assures 
operation within rated current. 

• The limiting current at high speed is mostly for field weakening and, therefore, produces little 
torque. 

• At full load, Motor 1 behaves as well with CPA control as with DMIC control. 
 
Regarding operation of PMSMs under DMIC control: 

• Higher inductance results in reduced current at only one speed and power level under CPA 
control, whereas DMIC control minimizes current at all power levels and speeds, n > 2. 

• DMIC motor current is proportional to load at high speed, which leads to decreased current and 
attendant increased efficiency at partial load. 

• Although originally for motors with low inductance, DMIC has potential for significant loss 
reduction for PMSMs with large inductance. 

• DMIC control maintains an inverter-power factor of 1 for all speeds greater than nmin, the speed at 
which minimum current occurs.  Under CPA control, nmin is a single speed at which a PMSM 
operates at an inverter-power factor of 1.  At all speeds above nmin, the CPA power-factor leads. 

• With DMIC high speed, current is inversely proportional to supply voltage so that extra supply 
voltage can lead to improved efficiency. 

• Depending on the application, particularly the speed/loss profile, loss reduction may more than 
compensate for the losses introduced by the addition of the SCRs required by DMIC.  

• At half speed (quarter load), Motor 1 under DMIC delivers 7.5% percentage points more power at 
3000 rpm and 8.6% more power at 6000 rpm than Motor 1 under  CPA control. 

 
Regarding the grade of SCR that should be used: 

• Increasing reverse-recovery losses of thyristors, which increases with speed, is a problem that can 
be reduced with inverter-grade components at increased cost; however, cost and losses may be 
offset by efficiency enhancement. 

• The question about converter-grade SCRs being able to sustain operation in the FreedomCAR 
and Vehicle Technologies application at a fundamental switching rate of 1.5 kHz at top speed of 
6000 rpm must be answered in the laboratory by experimentation. 
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APPENDIX A.1: 600 V, 75 A, IGBT MODULE – FAIRCHILE FMG1G75US60H 
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APPENDIX A.2: 800 V, 45 A, INVERTER-GRADE THYRISTOR MODULE –  
EUPEC TT46F08 
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APPENDIX A.3: 1400 V, 61 A, CONVERTER-GRADE THRISTOR MODULE –  
EUPEC TT61N 
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