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ABSTRACT 
.»yll 

This paper analyze the dynallic performance of inverter fed permanent 
magnet synchronous aotor£ (PHSH) usIng dampIng and synchronizIng torques . 
A numerical algorithm has been applied to predict the performance using 
overall nonlinear .odeL of permanent magnet syhchronous motor . A 
comprehensive set of results for the dIgital simulatlon ·of the ste"ady 
state and dynamic performances for a motor ~ith and ~ithout pulse-~idth 
lIodulatlon inverter is obtained. The VOltage , direct and quadrature 
current, and torque ~avefor~s at dIfferent modes of operations are 
presented in a comparative form, lliustrating the dtfferenceS caused by 
introducing the inver.ter . The effects of frequency varIation due to the 
use of inverter on motor dynamic performance , and the optImUM range of 
frequency is also discussed. 

1. INT1WOUCTION 

Progress in the development ' of electri cal Ilachines employing perlnanent 
.. agnet PH e)(cllation has rapidly Increased In recent years . The maln 
responslble factor Is the tremendous improvement in the permanent magne t 
technology and ' availability of new PH materials . Other contributory 
factor s inc lude improved efficiency, increased rellabillty and reduced 
*knufacturlng costs . 
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Modeling of permanenl magnel synchronous molors PHSH, and their sleady 
slate performance have been extens i ve l y examined and useful results have 
been reported 11-41. Probl~ms 'associated \.lith the starting and dynamic 
performance have been also dlsc~ssed in detail [5-8]. The effects of 

varying s upply frequency on motor par:ameters have been studied by 
Chalmers 19 1. The steady s tate characteristics of PHSH when operated from 
a 180· inverter with phase controller has been considered by Krause el.al 
(IOJ. A speed control using the boundary laye r state observe r 15 
presented. by Cho et. al Ill). For a high perfo rmance drive, appropriate 
c hoIce o f the power converter a nd controller using computer s imulation of 
the dr ive sys t em is achieved by Dhaouadi et. ai [12}. However, these 
previous . publi s hed works have not investigated the dynamic perfonnance 
analysis of the pulse-width lRodulation(PIJH) inver ter-fed PMSH when the 
mo t o r Is subJected to a small disturbance in s peed or following a small 
load change. 

The purpose of this paper i s 'to ana l yze the steady state and dynami c 
perforlRance of t he (PWH)lnverted fed PMSM us ing damping and synchronizing 
to rque s technique . A comparison of steady state and' dynamic performance 
when the motor is operated with and without i nver ter is presented. The 
effects of frequency variation on the lIIolor variables a nd r esponse are 
illustrated and the optlmuft range of operatIng frequencies are de fined. 

2. NONLINEAR MOTOR EQUATIONS 

The gene ralized d-a nd q-axes nonlinear differential equations that 
des c rIbe the performance of PHSH a re g i ven f or a fixed rotor reference 
frame l:i per uni t form. Details of the transformations used as well as 
assumptions made are glven In (13) . The fi nal sel of equations are :-

v = -V • sin 6 = RI , • p"'. ' '" , pe (1) 

V • V .cos • = RI , PO, ' '" pe 12 ) , , • 
0 = RDID + P ., ( 3 ) 

0 • R I 
o 0 

+ 
P "' • I' ) 

w1 th a fi xed ~agnet strength excitation represented by an equiva lent 
field current 1 r ' The axes fluxes can be g iven as follow1ng : 

0. - X I. + X I, + X I 15) • •• • • , . 
"', = X 10 ' X I. + X I 16 ) , •• •• , 
"', • X I + X I. 17 ) 

• , -, 

°0 • X 1 + X I (e) 
Q Q ., , 



Mansoura EnginuringJoumol (MEl) Vol. 19. No.1. June 1994 E. 25 

The I\echanlcal equa tions can al so be wr I Hen as 

T. • ~ 1 ~ L 191 
d q q d 

P " • • 1 T T , II J (LOI , 
w • P 9 1 1l I 
• 

A digital computer program has been 
nonllnear equations, us ing a standard 
based on Runge - Kutta algorIthm. 

developed 
nullterical 

lo · solve the above 
integration technique 

3. DAMPING AND SYNCHRONIZING TORQUE TECHNIQUE 

The mec~anical ·equalion in a PMSH, foll owing a small di s turbance , can be 
written as foliows : 

1121 

The change In the elec tri cal torque, at any frequency of rotor motIon, 
can be decomposed Into two conponents, a synchronizing torque cOl\ponent 
in phase with the rolor angle and a damping torque component in phase 
with the rotor speed . ModelIng of da~ping and synchronIzing t orques and 
their accurate prediction provides . physical realization quantItative 
assessment of dynamical performance under different operating condItions. 
This section Is concerned wIth the development ·of a nUMericai algorithm 
to I\odei both daMping and synchronizing torques based on a the domain 
analysis of the: nonlinear respo!,!se . The above· torque components can be 
represented by the synchroni zing torque coefficient K. and the dOl!lping 
torque coeffIcient KD (8) 

03 I 

Where Ko and Ks are damping and synchronl,lng torque coefficients which 
~U9t be positive for a stable .otor. 
for the purpose of cOlllpullng these coefficients the error bet\.leen the 
actual torque deviation and that obtained by sU_Ming both the damping and 
synchronizing co~ponents can be estimated . Mi nimisation of the square of 
the errors, over a period of t , leads to the follow1ng equations (81 : 

, N 

= K. L 16.(tI1 2 
+ ., E 6w(tl . 6.(tl 

• E II TH(t ).llw(t) • KD 
• 2 

E (l1w(l») of-
• 

K [ oultl .'6(tl 
• 

Nole that l :: N. T. where N Is the number of iteration. 
integration step. SolvIng the above two equations (14 & 
time invariant values of torque coefficients Ko and K • . 

and 
tS ) 

114 I 

(15 ) 

T is the 
gi ves the 
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4. VOLTAGE - FREQUENCV CONTROL 

4.1 System Description 

The permanent magnet synchronous ftoto r is fed via a 3-phase fully 
controlled bridge rectifier, d . c link and pulse-width modulation inverter 
as shown in Fig. (1) . The speed o f the motor Is proportional to the 
Inverter frequency. The mean d.c voLtage is controllable by delaying the 
commutation of the thyristors by the firing delay angle «. The output d.c 
voltage of controlled rectifier bridge is given by : 

E = 3 ' .0 v cos a (16) 
n 

Inverters convert d. c power to a. c power at desired outpu t voltage and 
frequency . In most inverter applications it is necessary to be able to 
control both the output voltage and the output frequency to keep (V/f) • 
constant . The uncontrollable voltage requirement may arise out of the 
need to maintain constant flux In a. c !lIo tors driven at 
variable frequency. If the d . c input voltage i s controllab l e, then an 
inverter with a fixed rallo of the d . c input voltage to a. c output 
voltage may be satisfactory. If the d. c input voltage Is not 
controllable, then control of the output vol lage and outpu t frequency 
must be obtained by employing pulse-width modulation inverter. 

4.2 Symmotrical Pulse - Width Voltage Control 

The pulse - width modulation technique Is presently the most popular and 
economical method of voltage and frequency control. The technique of 
symme tr ical multiple pulse -width voltage control can easily be applied 
to the three phase circuits of the half-bridge and full brIdge three 
phase inverters. In the half- bridge circuits the line to line voltage Is 
lImited to a quasi-rec tangular waveform as the maximum conduction . . 
interval for each half-cycle is 120. To vary the voltage from this 
lIaximum value, the output voltage waveforln is divided into a number of 
symmetrical puises whose wIdths are varied to ach ieve the desired voltage 
cont rol {I3J. 

To obtain symmetrical pulses In the three phase output of the half-bridge 
inverter, the modulating frequency Is constructed to be 6 mC where 111 = 
I, 2, 3 .... and f is the des i red output frequency. The number of pulses 
per half-cycle of the line to lIne voltage is given by 2 m. The output 
vo ltage is control led by varyIng the wIdth of the pulses symme trically , 
In some applIcatIons the numbe r of pul ses per half-cycle Is kept fixed at 

·a11 voltages. More complex schemes allow for increasing the number of 
pulses per half-cycle at lower output voltages to reduce the harmonIc 
content of the waveform. However. the relative pulse-wIdth is defined as : 

rpw = f1 I "T (17) 

\.(here 
't is the theorl!l1cal maximum pulse - width ('t=lI' 13m) 
~ is the var iable pulse - width. 
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~hen the PHSM Is fed from pulse - width modulation inverter the voltage 
applied to the motor is the summation of harmonic contents obtained from 
fourier series as follows 

~ 

V(wt) .,. L [a sin (n\.lt) + b cos (owt) 1 • • 
(18) .. , 

Figure (2) shows the comparison of output voltage waveforms for rpw =1.0 
and 0.75 at different val-ues of number of pulses per half-cycle. It is 
noted that, for the lower values of the number of pulses per half-cycle 
and rpw = 0.75, the high frequency ripples occur In the voltage 
waveform. while for a s-Ix'-pulses per half cycle, the voltage waveform 
approach the same output voltage as that with rpw =1.0 mode. The high 
frequency ripples in the output voltage will cause ·non-uniform magnetic 
flux and higher motor heating and higher level of noise and vibration. 

5. STEADY-STATE PERfORMANCE 

This section deals wlth the analysIs of the steady slale performance of 
PHSH with and without voltage-frequency control using pulse- width 
Ilodulallon. The PHSM used in t his Investigation Is a 4 hp, 2-pole, 
3-phase. Z30 volts (131 . The waveforms of the time-invar1.ent of direct, 
quadrature current. and magnetiC torque are presented. The performance 
is carriea out for two operating conditions, no-load ana full-load 
and with rpw= 1.0 and 0. 75 j which have proved to be the most efficient 
(lnd sui table value.s. 

5.1 DIrect and Quadrature Currents 

The dIrect and quadrature (d, q) current waveforms when the motor Is 
operated with inverter at no-load and rpw=1. 0 are shown In Fig. (31. It 
can be noted that the s pikes in the direcl and quadrature current 
waveforms are produced due to spikes of the voltage wavefor~s. ComparIng 
Fig. (3-a . b) w1th thos e without inverter Indicate the Increase in the 
harmonic content which will affect considerably the motor starting 
performance. Figure(4) shows the d and q current waveforms when lhe mOlor 
is operated with inverter at no-load and rpw=O,75 , 2m=2. This case 
simUlates the worst mode of operation, because the harmonic content is 
large if compared with Fig. (3) (rpw"'l. 0, 2m=Z). The d & q current wave
forMS contain two pulses per half-cycle according lo the input voltage_ 

FIg . (5) shows the d '& q current waveforms when the molor Is operated 
without inverter and is subjected to full load. These waveforms are 
sinusoidal with distorted spikes when the voltage Is equal to 2ero. The d 
& q current waveforms when lhe motor Is connected to inverter, rpw=1.0,al 
full load torque are shown In Fig. (6). Comparing these resulls wllh those 
of Fig. (5) demonstrate the effect of the inclusion of . inverter. The shape 
of lhe current has a flal top wIth ripples instead of nearly sInusoidally 
posItive half-wave and the oscillatIon in the off-period has been 
Improved If compared wIth the case of without Inverter. When the rpw=0.75 
, 2."Z and the motor is subJecled to full load torque, the d & q current 
waveforMS are shown In Fig. (7). The influence of inverler becomes more 
dramatic in terms of motor current distortions. This case siMulates the 
worst ~ode of operatIon. because the current waveforms are hIghly 
rll e '~~'''rI 
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5.2 Torque 

This section is concerned with the simulation and analysis of the steady 
state molar torque performance, and to show how this performance Is 
affected by using the speed control via the converter-inverter set. 
Fig. (8) shows the motor electromagnetic torque waveform when subjected to 
full load torque and operated without and with lnverter (rpw=1.0 & O.75l. 
It is shown that, when the motor operates without inverter, the waveform 
approximately is a squnre-wave with off-period containing oscillations. 
For rpw=1.0, the electromagnetic torque has the same square-wave, while 
the off oscillating period is increased. '.Jhen the rpw=O.75, the 
electrOinagnetic torque way.eform is highly distorted due to the large 
values of harmonic content and pulsation torques. 

6. DYNAMIC PERFORMANCE 

The aim of this section is to analyze the dynamic performance of the PMSM 
when the motor . is subjected to a small disturbance in speed or following 
load changes. This analysis Is based on the damping and synchronizing 
torque technique which is described in details in section 3. A 
comparison of the dynamic performance when the motor is operated with and 
without inverter is comprehensiveiy investigated. The effects of 
frequency change on the motor dynamic performance are also discussed. 

6.1 Damping and Synchronizing Torque Coefficients 

The damping and synchronizing torque coefficients algorithm, eqns. (IZl 
to (15). have been used to compute the values of both KD and K • . A higher 
molor damping coefficient KD indicates well-damped oscillations following 
a small load change. Moreover, higher values of the synchronizing torque 
coeffldent Ks means fast pullIng back into synchronism. The authors 
experience in the dynam'ic performance analysIs of electrical machines 
indicates that a value of KD = 0.03 P. u/rad/sec Is adequate to provide 
reasonable damping of hunting oscillations. Increasing Kn above this 
figure reduces the rotor first swing which is a measure of an increase in 
the motor stabillty reserve. On the other hand, reducing this value 
increases the amplitude of the hunting oscillations to the extent that 
the motor may loose stabillty. Table 0) illustrates the comparison of 
torque coefficient values at different modes of operation (without and 
with inverter,rpw=1.0 & 0.75 2m=Z). The results show that, using 
inverter with rpw:l.0, increases the damping factor which improves 
stability, while with rpw=0.75 the vice versa. 

6.2 Load Change 

The effects of load changes on the ioad angie responses at fuii load of 
the motor without and with inverter, rpw ::1.0 & 0.75, Zm=2 are shown in 
Fig. (9). It is ciear that, for rpw ""1. 0, the motor damping is increased 
as mentioned in the above section and shown in Table (1), the motor 
first swing is reduced and fast response is reached to steady state 
value. For rpw =0.75, the motor load angle first swing and the time to 
rea~h steady state values and its final vaiue is increased. 

6.3 Molor Currents and Torque 

The direcl and quatrature current responses as a function of time at full 
load l-Ilth step load change, with and wIthout inverter are shown in 
Fig. (10). I t Is shown tha t, for rpw ~1. 0, a fas t response is reached to 
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steady state value, and the second undershoot 15 reduced in amplitude and 
duratlon. The second undershoot of rpw = 0.75 mode of operation Is 
Increased in amplitude if co~pared with or without inverter . The steady 
s tate values of direct and quadrature currents are reached In less than 
one second and are different In aJIIPU tude . The electromagnetic 
torque-lime wavefOim at fu l l load with and without inverter are shown in 
fig. (11). When the motor Is subjected to load change with inverter (rpw 
- 1.0), it is noted that, the duratlon of swings is decreased, whlle for 
rpw = 0.75 the duration of Swings is slightly increased if compared with 
the case of without inverter. The steady state value of these operation 
modes are reached in less than one second. 

6.4 Frequency Variation Effects 

The speed of the PHSH Is uniquely related to the command frequency. The 
frequency to voltage proportIonally defines the maximum torque available 
from the motor . When the d . c link voltage reaches its maximum value, the 
lIotor enters into constant power region, 1. e further Increase of frequency 
over optimum range decreases the available torque due to reduction of air 
gap flux. The effects o f frequency change on di rect and quadrature 
current-time response a t full l oad torque at 25 Hz and 75 Hz are shown In 
figs. (t2) and(3) r espectively. The oscillatory condition is produced 
when the motor operates at 25 Hz, and the steady state is not reached. 
When the motor operates at 75 Hz t he swings are reduced and gives fast 
response if compared withthe response of fig . (10) when t he moto r operates 
at 50 Hz. Fig . (l4) shows the effects of frequency on the e lectrical 
torque-time response when the motor is subjected to full l oad torque at 
25 & 100 Hz. The oscillations OCCUi due to the 25 Hz motor operation and 
the setting time has not been reached. This case of operation simulates 

,the instabIlity due to the frequency reductIon. When the motor operates 
at 75 HZ,the torque-time response is improved if compared with 
fig . (11), at 50 Hz, due to the reduelion of the duration of swings and 
eliMination of the second overshoot. It is also found, from fig. (l4c), 
that within the range of frequency from 35 to 100 Hz, the motor operates 
without loosIng stabliity and without any distortion In the time response 
during dynaMic performance. It is concluded that if the PMSM is operated 
at a frequency range under 35 Hz the load torque must be reduced to keep 
the motor operatlon in the stable region. 

The effects of frequency on speed deviation and torque coeff icients when 
the Motor operates at no-load and full-load torque step change are shown 
in lable (2). It Is noled that. when decreasing the frequency the speed 
deviation is Increased. For 25 Hz mode of opera tion the motor operates 
out of synchronism. The lower value of optimum range of frequency at JS 
Hz gives a stable operating mode and a suitable speed deviation. When the 
frequency is increased over 50 Hz the speed deviation is equal to zero, 
and the motor operates sllloothly. It 15 also noted, from table (2). that 
the torque coefficients KO,Ks are proportional to frequency. As explained 
before the increase in the damping factor improve stabilIty which means 
that using inverter for the optimum range of frequency will not cause any 
stability problem while using inverter under this range is possIble but 
needs a reduction of the motor load. When the motor operates at no-load ' 
the change of the torque coefficients wIth frequency is approximatelyl 
linear relation. 
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Table (2) Torque coeff1ciente aDd speed deviation 

at different values of frequency 
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7. CONCLUSIONS 

This paper has presented lhe s teady state and dynamic performance 
analysis of (PWM)inverter-fed PHSH. A computer-aided simulation model for 
predicting the pe r formance was fo rmul a ted using damping and synchronizing 
torques. which fac ilitates considerably the abl l1ty to compare the 
simulation without and with (PWM)inverter used. A compr ehensive set of 
results f or the digital simulation of the performance of a PMSM with and 
without inverter used has been oblained. Main conclusIons drawn from this 
a nalysis are as follows : 

(i) Using (PYM)inverler has no adverse effect on the ove rall motor 
steady state performance. 

(ii) An (PYM)inverter with rpw =1 .0 increases the motor damping more than 
the case without in~ erter. this means improving the motor dynamic 
performance if the motor 1s subjec led to l oad change or smail 
disturbance. 

(iiilUslng (PWH)inverter within the defined optimum op~rating frequency 
range (35-100 Hz) has no effect on the motor dynam iC stability when 
the ~otor is fully loaded . The frequency opera t i ng range may 
inc reased specially t he lower range if the motor Is opera ling under 
light load. 
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