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ABSTRACT - If classical techniques such as 
the root locus, Bode plots and Nyquist 
diagrams are used for designing fixed- 
structure speed controllers for ac drives, 
the design would normally be done around a 
nominal value of the controlled plant. 
Generally, a sensitivity analysis would 
subsequently be done to ensure that the 
design specifications are met when the plant 
parameters change. This procedure can and has 
worked well. In this paper an alternative is 
proposed where the parameter variations are 
included at the outset of the design task. 
The Nichols chart lends itself rather well to 
this application since it represents both 
magnitude and phase information on a single 
diagram. By using this alternative, it may be 
possible to reduce the overall time needed to 
complete the design. The particular technique 
is called Quantitative Feedback Theory (QFT) 
which is used in conjunction with the Nichols 
chart. This paper presents the basics of QFT 
and shows how it can be used for the design 
of fixed-structure controllers for 
parameter-sensitive plants in conjunction 
with the Nichols chart. A design is presented 
and verified experimentally. 

I. INTRODUCTION 

The permanent magnet synchronous motor (PMSM) 
which by definition here has a sinusoidal 
back emf [l], is establishing itself as a 
serious competitor to the vector-controlled 
induction motor (IM) and the dc motor for 
high performance speed and position 
applications. This is partly due to the 
increased torque to inertia ratio and power 
density [2,3] when compared to the IM or the 
dc motor, in the fractional to 30 HP range. 
This has been made possible by the use of 
high residual flux density/high coercivity 
permanent magnets. Current research into 
reducing the temperature dependence and 
increasing the thermal capability of magnets 
will probably increase the penetration of the 
PMSM drive in the servo industry. 

The high performance attainable from the PMSM 
has prompted original research into the 
design and performance of the entire motor 
drive including the motor [4], position and 
speed feedback [5] , inverter, current, speed 
and position controllers. The application of 
a PMSM to an electric vehicle has been 
examined [6] while high speed operation has 
also been investigated [ 7 , 8 ] .  
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In order to extract the best performance from 
a given machine, the proper design of the 
speed and current controllers (for a speed 
servo) is important. However all drives are 
parameter sensitive to some degree. 
Traditional methods of controller design in 
the frequency domain use a nominal value of 
the plant parameters. The effects of changes 
in the parameters can be subsequently checked 
by a sensitivity analysis [9,101. This method 
can work well, however an alternative is 
proposed in this paper for the design of 
fixed-structure speed controllers [ll, 131 for 
a high performance drive. This consists 
essentially of including information on the 
drive parameter vhriations at the outset so 
that the performance criteria can be met from 
the beginning, without having to subsequently 
do a sensitivity analysis. This should reduce 
the effort and time of the designer without 
compromising the design. 

Whereas design tools like the root locus, 
Bode plots and Nyquist diagrams have been 
used extensively in controller design, the 
Nichols chart lends itself rather well to the 
particular problem of representing parameter 
variations in a drive. The Nichols chart 
represents both phase and magnitude 
information on the same diagram unlike Bode 
plots which represent them separately. 

This paper demonstrates how a 
frequency-domain technique known as  
Quantitative Feedback Theory' may be applied 
to the design of fixed-structure speed 
controllers for a vector-controlled PMSM 
drive where the motor parameters vary between 
known limits. The parameter variations can be 
caused by changes in temperature, current 
level or operating frequency. In robotic 
applications, changes in inertia occur as 
well. Finally, another source of uncertainty 
is the fact that the parameters of the 
Nominal Plant are normally measured 
(calculated) with a certain error which is 
generally expressed as a percentage of the 
nominal' parameter value. 

The aim of this paper is two-fold. Firstly, 
the elements of QFT are revised and it is 
then shown how QFT can be applied to the 
design of fixed-structure controllers for 
parameter-sensitive plants. In this case, the 
paper is tutorial in nature. Furthermore, a 
speed controller design is presented and 
verified experimentally. This is the second 
contribution of this paper. 
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F i g u r e  1 Schematic  of a permanent magnet synchronous motor.  

11. MATHEMATICAL MODEL - TRANSFER FUNCTION OF 
A PMSM DRIVE WITH PARAMETER VARIATIONS 

Mathematical  Model 

S i m p l i f i c a t i o n s  occur  i n  t h e  modeling o f  a 
PMSM under v e c t o r  c o n t r o l  which r e s u l t  i n  a 
l i n e a r  t r a n s f e r  f u n c t i o n  between t h e  ou tpu t  
and commanded speeds .  This  can be d e r i v e d  
from t h e  PMSM d , q  e q u a t i o n s  as fo l lows :  

where vdrvq  are t h e  d , q  a x i s  v o l t a g e s ;  hd,h, 
are t h e  d , q  a x i s  f l u x  l i n k a g e s ;  id, i, are t h e  
d , q  a x i s  c u r r e n t s ,  P i s  t h e  number of p o l e  
p a i r s ;  p is  t h e  d e r i v a t i v e  o p e r a t o r ;  L,, L, 
are t h e  d , q  a x i s  i nduc tances ,  T, is  t h e  
electric t o r q u e ,  T, is  t h e  load  to rque ,  B i s  
t h e  damping c o e f f i c i e n t  and J i s  t h e  moment 
of  i n e r t i a .  The electric speed a, i s  r e l a t e d  
t o  t h e  mechanical speed through t h e  number of 
p o l e  p a i r s .  F i n a l l y  ha, is  t h e  mutual f l u x  
between t h e  magnet and t h e  s t a t o r  due t o  t h e  
magnet and 

h = L i  
9 9 9  (7 )  

Equat ions  (1) t o  (3 )  are n o n l i n e a r  b u t  i f  
v e c t o r  c o n t r o l  [3] is used  t o  f o r c e  id t o  be  
ze ro l  t h e n  us ing  ( 6 )  and (7), (1) t o  (3 )  
reduce  t o  

where Kt is t h e  t o r q u e  c o n s t a n t  of t h e  PMSM; 
t h e  above e q u a t i o n s  are ve ry  s imi la r  t o  t h a t  
of a dc motor. It  i s  only  necessa ry  t o  
i n c l u d e  t h e  dynamics of i, i n  t h e  model s i n c e  
t h e  electric t o r q u e  depends only  on i,. From 
e q u a t i o n s  (8), (10 )  and ( 4 )  t h e  l i n e a r  b lock  
diagram i n  F ig .  1 can be  drawn. 

A PMSM speed  se rvo  d r i v e  is ob ta ined  from 
F ig .  1 by i n c l u d i n g  t h e  speed and c u r r e n t  
c o n t r o l l e r s  as shown i n  F ig .  2 (Note t h a t  a l l  
commanded v a l u e s  are i n d i c a t e d  wi th  an  I*’). 

The c u r r e n t  c o n t r o l l e r  is  used t o  ensu re  t h a t  
t h e  a c t u a l  c u r r e n t  t r a c k s  t h e  commanded 
c u r r e n t  wh i l e  t h e  speed c o n t r o l l e r  does  t h e  
same f o r  t h e  speed. Curren t  and speed  
feedback is  normally used  as shown i n  F i g .  2 .  
For a g iven  c o n f i g u r a t i o n  of t h e  c u r r e n t  
c o n t r o l l e r ,  t h e  b lock  diagrams t o  t h e  r i g h t  
of t h e  d o t t e d  l i n e  c o n s t i t u t e  t h e  c o n t r o l l e d  
p l a n t  P ( s )  and t h e  a i m  of t h i s  paper  is t h e  
p rope r  des ign  of G , ( s )  under u n c e r t a i n t i e s  and 
parameter  v a r i a t i o n s  i n  P (5)  . 

n 

F i g u r e  2 Schematic  of a permanent  magnet synchronous motor d r i v e .  
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Parameter Variations 

Assuming that the current controller gains 
are set correctly, parameter uncertainties 
are then produced in G,(s) , G,(s) , G,(s) and 
G6(s) which represent the machine as a result 
of changes in the temperature, current level, 
inertia and operating frequency . For example , 
changes in the temperature affect the stator 
resistance Re and magnet flux linkage haf 
which in turn affects q. Changes in the 
current can saturate L, while changes in 
frequency can affect Rs but generally to a 
lesser extent than changes in the temperature 
[lo]. In robotics, inertia changes also occur 
which will affect G,(s) . The criteria for 
choosing the range of variation for the 
parameters is presented in Ref. [lo] and 
include the flux loss coefficient of the 
magnet and the degree of saturation for the 
machine. This paper has also included the 
tolerance in the ‘Nominal Plant‘ parameters 
due to measurement (calculation) errors. The 
ranges of parameter variations are given in 
Table I as a fraction of the nominal value 
which is at ambient temperature. 

bl 

bo 

a3 

a2 

TABLE I. PARAMETER VARIATIONS FOR AC DRIVE 

Nominal Minimum Maximum 

1941783.10 470513.74 3814859.20 

8.7865et09 2.129et09 1.7262e+10 

1.0 1.0 1.0 

9771.01 7504.11 17479.11 

Transfer Function 

From Fig. 2, the plant transfer function P ( s )  
is given by 

-~ 

al 44703871.0 33647342.0 80291919.0 

a, 7026177.70 2702403.20 12548858.0 

nr ( 9 )  

I;(S) 

bl s + bo 

s3 + a2s2 + als + a. 
-=  

which can be attained from block diagram 
reduction or Mason’s rule/signal flow graphs. 
From an analysis of the parameter variations 
shown in Table I, the variations of the 
coefficients of P ( 3 )  are as follows: 

111. BASICS OF QFT 

This section only reviews some of the main 
theoretical concepts of QFT since it has been 
extensively published elsewhere [ll-131. 
Consider the regulating feedback system shown 
in Fig. 2 whose output equation is given by: 

0.90 5 R, 5 1.1 (0.12 ohms) 

0.63 5 haf L 1.1 (1.513 V/rad/sec) 

Numerical values are presented as fractions 
of nominal values which are between brackets. 

where n,(s), @(s) are the Laplace transforms 
of or and a: respectively, L ( s )  = G,(s)P(s) 
is the loop transfer function, and P(s) is 
the plant whose parameter variations are 
shown in Table 11. 

An analysis of (12) shows that the design 
objective is that the plant output n,(s) 
follows the input signal n:(s) as closely as 
possible. Since one of the aims of this paper 
is to illustrate the feasibility of the QFT 
approach to design a fixed-structure speed 
controller for ac drives, the design task has 
been simplified by not considering the 
influence of any sensor noise or disturbance. 
However, it must be clear that this does not 
represent a limitation of this design 
technique since any spurious signal can also 
be considered [131. 

The design is done on the Nichols chart which 
is shown in Fig. 3; the x-axis represents 
phase (in degrees) , the y-axis represents 
magnitude (in dB) and a background (dotted 
lines) is included which corresponds to 
constant phase (or magnitude) curves of 
[L (s) / (1+L ( s )  ) ] . The Nichols chart presents 
the advantage that the loop transfer function 
L ( j w )  = Gl(jw)P(jw) may be easily drawn from 
a knowledge of P(jo) by just adding the 
magnitude (in dB) and the phase (in degrees) 
of G,(jo) to the magnitude and phase of P ( j o )  
for each relevant frequency (the point P(jo) 
is then translated but not rotated). 

The uncertainty of P(s) is considered in the 
same way as in the tracking designs of 
Horowitz [11,12]. The regulator problem is to 
maintain [ L ( s )  / (1+L (s) ) [ below a specified 
limit at specified frequencies for all 
possible P(s) (see Table 11). Of all P ( s ) ,  
the designer usually chooses an arbitrary 
P,(s) which corresponds to the so-called 
’Nominal Plant’. 
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F i g u r e  3 N i c h o l s  c h a r t  w i t h  t h e  p l a n t  t e m p l a t e  f o r  
1.0 r a d / s .  

The ' p l a n t  t empla t e s '  a r e  t h e n  f i t t e d  between 
c e r t a i n  IL ( jo) / (1+L ( jo)( dB curves  (boundar i e s )  
around t h e  Nyquist  p o i n t  (-180°, 0 d B )  as 
shown i n  t h e  n e x t  s e c t i o n .  A ' p l a n t  t empla t e '  
is t h e  l o c i  of  p o i n t s  co r re spond ing  t o  a l l  
P ( jo) cons ide red  i n  t h e  u n c e r t a i n t y  r ange  
(shown Table  11) f o r  a g iven  frequency o. Due 
t o  s p a c e  l i m i t a t i o n s ,  o n l y  one t y p i c a l  
t e m p l a t e  of  P ( jw)  f o r  w = 1 . 0  r a d / s  ( 0 . 1 5 9  Hz) 
i s  shown i n  F ig .  3 a s  a shaded a r e a ;  t h e  
p o i n t  co r re spond ing  t o  t h e  ' Nominal P l a n t '  i s  
r e p r e s e n t e d  by t h e  le t ter  ' N ' .  

I n  a QFT des ign ,  t h e  s t r u c t u r e  of t h e  
c o n t r o l l e r  is  n o t  f i x e d  a p r i o r i  b u t  evo lves  
a s  p a r t  o f  t h e  des ign  p r o c e s s .  I n  t h i s  way it 
i s  gua ran teed  t h a t  no over-  o r  under-design 
o f  t h e  c o n t r o l l e r  o c c u r s .  Disadvantages o f  
t h e  QFT are t h a t  it i s  n o t  always p o s s i b l e  t o  
e s t a b l i s h  t h e  u n c e r t a i n t y  range of  P ( s )  
q u a n t i t a t i v e l y  and c o r r e l a t i o n  between t i m e -  
and frequency-domain s p e c i f i c a t i o n s  i s  a s o r t  
o f  an a r t ;  b u t  s o  is  much o f  d e s i g n .  

I V .  SYSTEMATIC DESIGN OF THE SPEED CONTROLLER 

The d e s i g n  t a s k  chosen was t o  select a G , ( s )  
which e n s u r e s  t h a t  t h e  c l o s e d  loop  r e sponse  

I L ( j w ) / ( l + L ( j w ) ) ( L  1 . 0  d B  ( 1 3 )  

f o r  a l l  f r e q u e n c i e s  below 1 5 0 . 0  r a d / s  and f o r  
a l l  p o s s i b l e  P ( jo) (see Table  11) . The 1 . 0  d B  
c r i t e r i o n  w a s  chosen a r b i t r a r i l y  and t h e  
s t e a d y - s t a t e  speed e r r o r  must be  z e r o  s i n c e  
t h i s  p l a n t  i s  a speed s e r v o .  Although t h e s e  
s p e c i f i c a t i o n s  w e r e  set  a r b i t r a r i l y ,  t h e  
d e s i g n e r  can s p e c i f y  o t h e r  c o n s t r a i n t s  
acco rd ing  t o  t h e  a p p l i c a t i o n  of t h e  d r i v e .  

The f o l l o w i n g  s t e p s  a r e  c a r r i e d  o u t  i n  o r d e r  
t o  ach ieve  t h e  d e s i g n  s p e c i f i c a t i o n s :  

a )  Obtain t h e  t empla t e s  of  P ( s )  f o r  t h e  
range of  f r e q u e n c i e s  which are of  
i n t e r e s t  (see F ig .  3 f o r  t h e  t empla t e  
co r re spond ing  t o  1.0 r a d / s ) .  

b )  Determine a boundary o f  t h e  'Nominal 
P l a n t '  P o ( j o )  w i t h  G , ( j o )  = 1 . 0  i n  t h e  
Nicho l s  c h a r t  a t  each r e l e v a n t  f requency 
W .  This  is  done by s h i f t i n g  t h e  t empla t e  
co r re spond ing  t o  a s p e c i f i c  f requency w 
(see F i g .  3 )  around t h e  1 . 0  dB curve  
such  t h a t  NO POINT w i t h i n  t h e  t empla t e  
f a l l s  i n s i d e  t h e  1 .0  dB curve  (see 
s e c t i o n  111: no r o t a t i o n  of  t h e  t empla t e  
must occur ,  on ly  v e r t i c a l  and/or  
h o r i z o n t a l  d i sp l acemen t s )  . The p o i n t  
w i t h i n  t h e  t e m p l a t e  which co r re sponds  t o  
Po ( jo) ( N  i n  F ig .  3 )  t r a c e s  o u t  a 
boundary of  L o ( j o )  a t  t h e  cons ide red  
frequency W .  F i g u r e  4 d e p i c t s  some o f  t h e  
boundar i e s  t h u s  ob ta ined  w i t h  t h e  
s p e c i f i c  f requency be ing  e n c i r c l e d .  
F i n a l l y ,  t h e  1 . 0  dB curve is  cons ide red  
h e r e  because t h i s  is  one of t h e  des ign  
s p e c i f i c a t i o n s  (see ( 1 3 ) ) .  

c )  Design a c o n t r o l l e r  f o r  t h e  'Nominal 
P l a n t '  P o ( s )  u s i n g  t h e  Nichols  c h a r t .  The 
d e s i g n  must g u a r a n t e e  t h a t  t h e  v a l u e  of 
t h e  loop  t r a n s f e r  f u n c t i o n  L , ( j o )  ( i . e .  
P o ( j o )  and des igned  G , ( j o ) )  f o r  any 
p a r t i c u l a r  f requency o is  o u t s i d e  t h e  
boundary f o r  t h a t  f requency.  Then any 
o t h e r  L ( j o )  ( i . e .  f o r  any o t h e r  P ( jo1  
w i t h i n  Table 11) a l s o  m e e t  t h e  d e s i g n  
s p e c i f i c a t i o n s  a t  t h a t  p a r t i c u l a r  
f requency o. This  i s  t r u e  because t h e  
boundar i e s  of Po( jo) w e r e  o b t a i n e d  such 
t h a t  NO POINT of  t h e  t empla t e  ( a l l  
cons ide red  P ( j w ) )  f a l l s  w i t h i n  t h e  1 .0  d B  
cu rve  f o r  t h e  cons ide red  frequency 
(Remember  t h a t  t h e  magnitude o f  L (  jo) i n  
t h e  Nichols  c h a r t  i s  equa l  t o  t h e  sum of 
t h e  magnitudes of P ( j o )  and G l ( j o )  i n  dB, 
and t h e  phase of  L (  jo) i s  t h e  sum of  t h e  
phases  o f  P (  jo) and G I (  j w )  i n  d e g r e e s ) .  
I n  o t h e r  words, i f  t h e  'Nominal P l a n t '  
P o ( s )  w i t h  t h e  des igned  c o n t r o l l e r  G,(s) 
s a t i s f i e s  a l l  s p e c i f i c a t i o n s ,  it i s  t h e n  
concluded t h a t  a l l  P ( s )  i n  Table  I1 must 
a l s o  s a t i s f y  t h e  s p e c i f i c a t i o n s  [ll, 121. 

F i g u r e  4 shows t h e  l o c i  of  t h e  loop  t r a n s f e r  
f u n c t i o n  L o ( s )  f o r  t h e  'Nominal P l a n t '  w i th :  

fir (9) 5 (1 + s / 5 )  
( 1 4 )  G l ( S )  = 7 - - 

fi,(s) s (1 + s /600)  (1 + s /2000)  

where G , ( s )  i s  t h e  r e s u l t  of fo l lowing  t h e  
above s t e p s  i n  an i n t e r a c t i v e  manner. The 
low-pass f i l t e r s  a t  600 and 2000 r a d / s  a r e  
r e q u i r e d  t o  r educe  h i g h  frequency n o i s e .  From 
a n  a n a l y s i s  of  F i g .  4 ,  it can be no ted  t h a t  
t h e  p o i n t  L , ( j l O )  j u s t  s a t i f i e s  t h e  boundary 
f o r  o = 1 0 . 0  r a d / s ;  all o t h e r  r e l e v a n t  p o i n t s  
amply s a t i s f y  t h e  d e s i g n  requirements .  
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HP 
rated speed (rpm) 
r a t e d  t o r q u e  (N-m) 
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R- @ 25°C (a )  
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.dB. 
.dB... 
dB . . . .  

, . . . .  
dB 

8.9 9.4 
1350 1450 
47.1 46.2 
2.39 2.18 
0.144 0.11 
1.08 1.165 

-30 ! I / I I 
-360 -270 -180 -90 DEG 0 

F i g u r e  4 1.0 dB d e s i g n  l i m i t s  ( s e e  (13)) a t  10, 100 and 
150 r a d / s  t o g e t h e r  w i t h  t h e  loop  t r a n s f e r  
f u n c t i o n  f o r  t h e  'Nominal P l a n t '  P o ( s )  and t h e  
c o n t r o l l e r  G1(s) ( s e e  ( 1 4 ) ) .  

F i n a l l y ,  t h i s  des ign  procedure  i s  s u i t a b l e  
f o r  computer implementation i n  an i n t e r a c t i v e  
manner; t h e  u s e r  can g r a p h i c a l l y  n o t e  i f  a 
c o n t r o l l e r  s a t i s f i e s  t h e  s p e c i f i c a t i o n s  and 
modify t h e  des ign  i f  necessa ry .  

F i g u r e  5 S t a r t - u p  speed  r e s p o n s e  w i t h  t h e  d e s i g n e d  
speed  c o n t r o l l e r .  

BODE PLOTS 
I I 

f 

V. RESULTS 

I n  o r d e r  t o  test  t h e  des ign  t echn ique ,  a 
des ign  was done on a motor w i th  pa rame te r s  
p re sen ted  under motor A i n  Table  I11 b u t  
a c t u a l l y  implemented on motor B which had 
d i f f e r e n t  parameters  w i t h i n  t h e  u n c e r t a i n t y  
range cons ide red  i n  Table 11. 

O~--- I F 

c7 w 

pi ; j  
-150 , LOG '3 (a) r a d / s  

TABLE 111. PMSM DATA 

F i g u r e  6 Bode p l o t s  of t h e  motor d r i v e  w i t h  t h e  d e s i g n e d  
speed  c o n t r o l l e r  (see ( 1 4 ) ) .  

1 Parameter 1 Motor A 1 Motor B [ 

The speed c o n t r o l l e r  G, (5)  d e s c r i b e d  
p r e v i o u s l y  w a s  implemented u s i n g  ana log  
c i r c u i t s .  Without any f u r t h e r  t u n i n g ,  t h e  
c o n t r o l l e r  w a s  t e s t e d  by commanding a speed  
of 520 rpm. The s t a r t u p  speed t r a n s i e n t  i s  
shown i n  F ig .  5. There i s  a s l i g h t  overshoot  
which was allowed f o r  i n  t h e  des ign .  

F igu re  6 shows t h e  Bode p l o t s  of  t h e  e n t i r e  
d r i v e  i n c l u d i n g  t h e  c o n t r o l l e r ;  t h e  speed  
loop  bandwidth i s  approximate ly  250 r a d / s .  If 
a h ighe r  bandwidth i s  needed, t h i s  can be 
inc luded  as p a r t  of t h e  s p e c i f i c a t i o n s .  

A key test  of t h e  performance of a speed  
s e r v o  is  i t s  response  t o  a l o a d  t o r q u e  
d i s t u r b a n c e .  Indeed i f  r e j e c t i o n  c a p a b i l i t i e s  
t o  a l o a d  t o r q u e  d i s t u r b a n c e  are judged t o  be  
of p r i m e  importance,  t h e  speed  c o n t r o l l e r  
des ign  can be done wi th  t h i s  s p e c i f i c a t i o n  i n  
mind. To examine t h e  performance of  t h e  speed  
c o n t r o l l e r  t o  l o a d  t o r q u e  d i s t u r b a n c e s ,  t h e  
t r a n s f e r  f u n c t i o n  of  (a,/T,) w a s  developed and 
i t s  Bode p l o t s  are shown i n  F ig .  7 .  The h igh  
a t t e n u a t i o n ,  even a t  1 . 0  rad/s and which 
i n c r e a s e s  as t h e  f requency  of T, is  inc reased ,  
a t tes ts  t o  t h e  ex t remely  good l o a d  r e j e c t i o n  
c a p a b i l i t i e s  of  t h e  speed  c o n t r o l l e r .  The 
h igh  a t t e n u a t i o n  i m p l i e s  t h a t  t h e  a c t u a l  
speed  does  n o t  respond w e l l  t o  l o a d  t o r q u e  
i n p u t s ,  which is  h i g h l y  d e s i r a b l e .  

I n  a d d i t i o n  t o  t h e  response  of t h e  speed t o  
a changing l o a d  t o r q u e  i n p u t ,  t h e  s t eady-  
s t a t e  e r r o r  i n  t h e  speed  due t o  a s t e p  i n p u t  
i n  t h e  l o a d  t o r q u e  w a s  examined. For a 1 . 0  
p .u .  i n p u t  t o r q u e ,  t h e r e  is  a r e d u c t i o n  i n  
2.9% i n  t h e  f u l l  l o a d  speed .  
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Zero steady-state error is difficult if not 
impossible to obtain due to the practical 
difficulties of implementing a pure 
integrator. In practice, it is generally 
necessary to implement the integrator pole 
close to the jw axis and so the pure 
integrator is actually implemented as a low 
pass filter and hence with some steady-state 
error. 

VI. CONCLUSIONS 

This paper has illustrated how Quantitative 
Feedback Theory can be used in conjuntion 
with the Nichols chart to design a fixed- 
structure speed controller for a PMSM drive. 
Parameter variations were taken into account 
in the initial stages of the design which is 
conducted such that even in the worst case, 
the design specifications are met. Parameter 
variations due to temperature, saturation, 
operating frequency and change in inertia 
were considered. A systematic procedure for 
the controller design was also given. 

In order to check the ability of the 
controller to perform in the presence of 
parameter variations, the design was 
conducted with one set of motor parameters 
but implemented on another motor whose 
parameters were within the uncertainty range 
of the first. The practical results were 
satisfactory thus validating the design 
procedure and implementation. The speed loop 
Bode plots and load rejection capabilities 
were also examined and found to be acceptable 
as was the steady-state speed error due to 
the practical difficulties of implementing a 
pure integrator. 
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