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Abstract: Developments in power electronic 
switches and low-cost computational hardware 
have made it possible to design and implement 
sophisticated control strategies for variable speed 
drives. Such an attempt has been made in this 
work, for a voltage source inverter fed synchronous 
motor drive which is absolutely nonlinear in its 
nature. Certain important issues in design 
including the speed controller design, generation of 
reference currents, state feedback linearization 
and control of the current dynamics, as well as a 
nonlinear reduced order observer design have 
been resolved. The proposed scheme is validated 
through extensive numerical simulations and a lab-
oratory scale implementation. 
Keywords: Motor drive, non linear, power 
controller, electronic switches. 

Fig.1.Block copy representation of the proposed 
control scheme 

Introduction 
Most of the control systems are designed 

based on a linearized model of the system. 
Feedback linearization has been applied to only 
some simplified models, which do not take into 
account the presence of damper windings. The 
torque (Ilic-Spong, 1987) developed by a 
synchronous motor is a product of different fluxes 
and currents and this nonlinearity is not 
linearizable unless one of the components is held 
constant. The concept of “field orientation” 
introduced by Blaschke (1972) deals with this 
nonlinearity by resolving the armature currents into 
the so called d- and q- axes and forcing the d- 
component of the stator flux to zero (Bayer et al., 
1972). However, this results in a lagging power 
factor operation of the motor. Feedback 
linearization of the machine model requires the 
knowledge of the damper winding currents, which 
are immeasurable. On the other hand, a linear 
observer (Chattopadhyay & Meher, 1989) cannot 
be designed, since the model under consideration 
is still a nonlinear one. Thus it is necessary to 
design a nonlinear observer to estimate the states, 
which can in turn be used for feedback 
linearization. 

In this work, all the above limitations have 
been overcome (Alice Mary, 1998). The exact 
linearization of the model of a wound field 
synchronous motor (WFSM) with damper windings 
has been carried out. The proposed controller 
represented in the conventional two-loop structure 
for the motor drive is shown in Fig. 1. The outer 
loop is the speed controller, which is a PI controller 
(Maswood, 1995), the output of which is the 

reference value of he torque Te*. From this value, 
the reference values of the stator and field currents 
are computed for a desired internal angle ψ and a 
desired torque angle δ (Fig. 2). This gives rise to 
the flexibility in choosing the power factor of the 
motor from lagging to leading values including 
unity. Field oriented control can also be obtained 
as a special case, by setting the power factor angle 
to be equal to the torque angle, resulting in 
complete decoupling between the armature flux 
and the field flux. The inner loop is the current 
control loop (Slemon, 1973) which tries to follow 
the reference currents produced by the outer loop. 
Further, a nonlinear reduced order observer is 
designed to estimate the immeasurable damper 
winding currents. 

Motor armature currents in the two phases, 
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ia and ib and the field current ifr are sensed by Hall 
effect sensors (HES) using a high performance A/D 
data acquisition card (PCL-208). The selectable 
switch is used to set at 16 single ended analog 
input channels in the bipolar mode. This card uses 
a 12 bit successive approximation converter 
(ADC674) to convert analog inputs and the 
software trigger mode is used for starting A/D 
conversion. The turns ratio of the hall effect sensor 
(HES) is 1000:1. A resistor of 660 Ω is connected 
at the secondary of HES from which the current is 
sensed and the output is directly connected to the 
PC through a 20-pin flat ribbon cable. A scaling 
factor of 1000/660 = 1.515 is taken into account for 
the computation of these currents. 

Fig.2. Phaser diagram of salient pole synchronous 
motor 

F

 
 
 
 
 
 
 
 
 
 
 
 
 

obtain rotor position angle information. An INTEL 
8253 chip is used for the speed and rotor position 
measurement. Counters #0 and #1 are initialized in 
mode #0 and counter #2 in mode #1. Counter #0 
generates the standard clock frequency for the 
encoder speed measurement. K1 of encoder, which 
gives 2500 pulses/rev, is connected to the clocks 
of counters #1 and #2 and K0, the marker pulse 
signal is connected to the gate of counter #2. A 
clock frequency of 250 kHz is selected by a 
suitable address register. The output of counter #1 
gives the speed measurement and the output of 
counter #2 give the rotor position angle. The above 
circuits are fabricated in printed circuit boards. 
The design methodology 
The voltage equations for the synchronous motor 
in rotor reference frame are 
vqs = (ra + lqsp) iqs + laqpiqr + ωr (ldsids + ladidr + ladifr) (1)     
vds = (ra + ldsp) ids + ladp(idr + ifr) − ωr (lqsiqs − laqiqr)      (2) 
vqr = rqriqr + lqrpiqr + laqpiqs                                        (3)                            
vdr = rdridr + ldrpidr + ladpids + ladpifr                                           (4)                                     
vfr = rfrifr + lfrpifr + ladpids + ladpidr                               (5) 
The electrical torque developed Te is 
 Te =

22
3 P  [(lad − laq) iqsids + ladiqs (idr + ifr) − laqiqrids]      (6) 

The torque balance equation is 

rler P
TTJp

P
βωω 22

−−=                              (7) 

Where all voltages(v) and currents(i) refer to the 
rotor reference frame. The subscripts qs, ds, qr 
and dr corresponds to q and d axis quantities for 
the stator(s) and rotor(r) in all combinations; ra 

denotes the armature resistance and lfr  the field 
inductance; while other inductances are denoted 
by  lqs, lds etc. Te is the developed torque. The rotor 
ig.3. Experimental results for change in speed from 
8π to 12π rad s for field oriented control a) /

Simulation b) Experimental 
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A high resolution incremental encoder 

along with a timer/event card (PCL-223) is used to 

speed is given by ωr and the load torque by Tl. J is 
moment of inertia, P is the number of poles and β 
is the coefficient of viscous friction. The derivative 
operator is represented by the symbol, p. 
The control scheme 
Design of the PI controller 
The output of the PI controller is the reference 
torque from which the reference currents iqs

*, ids
* 

and ifr
* for stator and field winding can be 

generated. The controller equation for reference 
torque is 

∫+=
t

ipe edtkekT
0

*                                             (8)                             

where 
         ree ωω −=                                                (9)         

ωe is the set (reference) speed and ωr is the actual 
speed of the rotor and kp and ki are the 
proportional and integral gains of the controller 
respectively. They are obtained as, 

2

2 ni
Jk ω=                                                   (10)        
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2
βςω −= np Jk                                                (11)       

where ζ = desired value of damping ratio, and ωn= 
desired value of natural frequency. The value of ζ 
is usually determined from the requirement of 
permissible maximum overshoot and the un 
damped natural frequency  ωn determines the time 
response. 
Determination of reference currents for desired  ψ
and δ  

Fig.4. Experimental results for field oriented 
control showing a) rotor position angle (θ) b) 
control voltage generated by the controller 

 

For a given reference torque, Te
*, we obtain 

)tan(tan3)1tan(tan3
tan

ψδδψω
δω

++−
=

∗
∗

aqsr

re
qs rl

T
i (12) 

The values of ids
* and ifr 

*are obtained by 
substituting this value of iqs

*
 in its corresponding 

equations. However, ψ and δ should be so chosen 
that these currents remain real-valued. 
Field oriented control 
Field oriented (FO) control can be achieved for the 
wound field (WF) synchronous motor by setting the 
internal angle ψ  to zero in ids equation. This 
implies that the terminal power factor angle, Φ is 
equal to the torque angle, δ 
Feedback linearization 
The system model using only the voltage equations 
(i.e., the electrical subsystem) is expressed as 

BuAxx +=
.

                                                (13) 

Partitioning A into                   

                             (14) 

''' & AA

BuxAAx r ++= )( "'
.

ω

where are appropriate matrices [1]. We 
choose a feedback control law of the form, 

''' & AA

 u = u2 + u1                                                    (15) 

where u1 and u2 are the input control vectors of the 
nonlinear and linear parts respectively. The 
nonlinear feedback control law is chosen as 
u1 = ωrK1x                                                     (16) 
where K1 is the feedback gain matrix. 
In order to get exact cancellation of the nonlinear 
term, 

''A + BK1  = 0                                            (17) 
or,   

''A   =  −BK1                                               (18) 
If K1 is taken as 

⎥
⎥
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⎦

⎤

⎢
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⎣

⎡
−−=

00000
000

00

1 aqqs

adadds

ll
lll

K        (19) 

2
'

.
BuxAx +=                                            (20) 

Alternatively, one can choose, 
u = (ωr − ωd1)K1x + u2                               (21) 
where ωd1is a design constant, which can be 
chosen for a tradeoff between the linear and 
nonlinear components of the control signal. To 
obtain asymptotic following of the reference 
currents yr via state and integral output 
feedback, 

dtyyKxKu
t

risbs )(
0

2 ∫ −+=                   (22) 

A reduced order observer is designed to 
estimate the damper winding currents 

                        (23) 
where, 
D = observer system matrix, 
G = input (control) matrix, and 
F = input (output) matrix. 
Software-realization 
Transformation of the axes 
The line currents sensed are converted to d-q axes 
components using Park’s transformation for the 
purpose of control signal computations. The 
generated control voltages in d − q axes are 
converted into a-b-c axes using the inverse 
transformation and outputted as voltage 
commands to the voltage source inverter. The 
transformation can be represented as follows: 
 cbadq Kii −−− =                                        (24) 

where, 

 [ ]Tcbacba iiii =−−                       (25) 

[ ]Tosdsqsdq iiii =−                    (26) 
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and 

dqcba vKv −
−

−− = 1                                   (28) 

where,  

                        (29) [ T
cbacba vvvv =−−

Fig.5. Experimental results for field oriented 
control showing line currents of the motor a)ib b)ia

]

]

f

f

 

[ T
sdsqsdq vvvv 0=−                       (30) 
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Discretization o  the feedback control law 
For the purpose of digital implementation, the 
continuous-time controller and observer 
equations developed in section 5 are converted 
into discrete form as follows. The integral part of 
the controller equation in discrete form is 
approximated as, 

∑∫ −≅− ))()(()(
0

kTykTyTdtyy r

T

r
      (32)                  

where T, the sampling time = 1 ms and k = 
0,1,2,3. . . n Thus, the control signal is computed 
by, 

)()(

))()(()()(

11
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1

nTxK
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dr
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k
risbs

ωω −+

−+= ∑
−

=
(33)    

Discretization o  observer equation 
For sufficiently small T, the discretised form of the 
observer system equation is 

 (34)                                                                                                           

  

For closed loop operation, the machine is 
initially started in open loop and taken to a speed 
of 8π rad/s (in electrical angle, corresponding to a 
frequency of 4 Hz). After about 60 sec, the speed 
reference is changed to 12π rad/s and the control 
algorithm is switched to closed loop operation. The 
observer is, however, started at time t=0, so that at 
the time of closure of the loop, the converged 
values of the estimates of the damper currents are 
available. It should be mentioned here, that 
although the synchronous motor used is a wound 
field one, all the experimental runs are performed 
with a constant field excitation. 

and 

)()( '' nTxCnTy =                                           (35)        
Real-time imp ementationl  
The equations are in a form suitable for realization 
in a digital computer. The software is implemented 
using a high level language, Turbo-C with the 
necessary subroutines supporting I/O cards. 
The steps involved are: 
(1) Initialize the program variables, I/O cards and 
counters. 
(2) Read the gain matrices Kbs, Kis, K1, D, G, F. 
(3) For time =0.0 sec, and final time =300 sec, do 
(3.1) Get current measurements from PCL-208. 
(3.2) Transform currents from a-b-c to d-q axes. 
(3.3) Get counts from8253 counters.  
(3.4) Compute speed and rotor angle (θ)) from the 
count values.  
(3.5) Calculate reference torque and currents 

(3.6) Compute the estimates of idr and iqr.  
(3.7) Compute control voltages.  
(3.8) Convert voltages from d-q to a-b-c axes.  
(3.9) Output reference voltages and display signals 
through PCL-726.  
(3.10) Save variables in memory.  
(4) Reset the output channels.  
The time required by the PC to execute the loop 
once has been found to be about 385 µsec. 
Results and discussion 

The experimental drive system is 
subjected to different tests. First of all, the 
synchronous motor is started in  open loop  

condition by giving a frequency of 2 Hz and 
generating sinusoidal voltages through the analog 
output channels .The supply frequency is changed 
to 4 Hz after 30 sec, and the open loop step 
responses are obtained. Another set of data is 
generated for a sudden change in load torque from 
 2 N-m to 3 N-m. The change in load torque is 
achieved by coupling a dc generator to the motor 
and suddenly switching on a resistive load. 

Experimental traces of the rotor position 
angle (θ) and the control voltage waveform, va are 
shown in Fig 3 under the field oriented control. The 
first trace clearly indicates that the mechanical 
speed of the motor corresponds to about 3 Hz, 
corresponding to the electrical speed of 12π rad/s, 
which is equal to the reference value. Finally, 
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figures 4 and 5 show the waveforms of the two line 
currents, ia and ib relative to each other and along 
with the position angle (θ). 
Conclusions 

The designed controller and observer for 
the VSISM drive system has been implemented 
with the help of a personal computer (PC) with 
analog I/O and timer/counter modules along with 
interfacing circuits as needed and tested in the 
laboratory environment. The various components 
of the control circuit including interfacing circuits 
needed for measurement and data acquisition 
have been fabricated and individually tested before 
integrating into a complete setup. The controller 
software needed to implement the nonlinear 
control laws and the nonlinear reduced order 
observer are developed in a high level language. 
The dynamic responses of the drive system are 
obtained after tests in the laboratory and they 
agree well with the simulation results within the 
limitations of the experimental set-up and other 
assumptions in the simulation. 
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