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Abstract: In this paper, a new control method for synchronous motor with excitation and damper windings is presented. It is based on 
one type of nonlinear control; feedback linearization control. To make a realization in the sense of electric drive, symmetrical space 
vector PWM (pulse width modulation) is applied. Estimation of damper winding currents via Lyapunov function for the whole 
estimated system is done. The aim of control is to make tracking system for rotor speed and square of stator flux. Simulation of motor 
starting to predefined operating points is done, and also maintaining these points during step change of load torque is obtained. 
Simulations give good results. 
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1. Introduction 

This paper is organized as follows: At first there is 

an introduction to synchronous machine and its control; 

after that synchronous machine model, the state 

observer and control law are introduced; then internal 

dynamics and system stability are analyzed, control 

scheme is given, and modulation is defined; there is a 

case study with simulation results; and finally 

contribution, future work and conclusion are given. 

1.1 Synchronous Machine Application 

SM (synchronous machine) with excitation and 

damper windings is used in power systems mainly for 

two reasons: first and more frequent for power 

generation and second as electric drive. Here, the main 

interest is to check SM variable speed operation. 

Usual AC drive system, for any type of machine, 

consists of frequency convertor that ensures soft 
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operation through the whole speed range. Electric drive 

of SM due to some of its characteristics (high 

efficiency, the possibility of overloading, ease of 

maintenance, etc.) finds particular application in 

practice: coal mines, metal and cement industries, ship 

propulsion, conveyor belts and large compressors, etc.. 

In power generation units, there is also need for SM 

to work in variable speed operation: for operation of 

windmills with SM generators; and for starting, 

especially in pumped-storage hydroelectricity. 

1.2 Vector Control 

At the beginning, the control of AC motors started as 

scalar. As induction motors started to replace DC 

motors, idea of AC motor control according to control 

of DC motors appeared. That idea later became known 

as vector control in which decoupling between torque 

and flux control was to be achieved. Due to the 

complexity of AC motor dynamics it is possible only if 

the flux is constant. 

Nevertheless, a great number of vector control 

asynchronous AC drives have been designed, but not 
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so many SM vector control drives. It is not only 

because of the greater number of asynchronous motors 

but also because of the complexity of SM system 

dynamics. There are some researches about SM vector 

control, but they all give palliative results; they have 

very complex control structures and limited control 

domains [1, 2] mainly because of the fact that in SM 

toque component of stator current essentially changes 

magnetic flux. 

1.3 Nonlinear Control 

Because of the salient poles, a large number of 

coupled variables and high nonlinearity, SM is a 

complex dynamic system. 

There are many academic attempts to upgrade well 

known scalar and vector control models using 

nonlinear control systems. Based on mathematical 

stability proof, nonlinear control improves 

performance of a control system and sometimes gives 

some new control possibilities. 

Recent literature gives a certain type of nonlinear 

control for SM: backstepping method [3] in which 

damper winding currents were not considered, the 

method of passivity [4] which failed to give better 

results, as well as some others [5, 6] in which 

decoupling has not been considered. Literature 

generally brings only mathematical models of control 

without adequate simulational implementation of the 

entire power system. Because of this, application of a 

new nonlinear method for SM and its implementation 

is an open research field and also a challenging task. 

Since the SM includes damping windings whose 

currents usually can not be measured, control is often 

associated with an estimator (observer). 

In this case, the observer is also in the function of 

control; so, it is necessary to ensure the convergence of 

the whole system “observer + controller” to get 

globally asymptotic stable system. Literature gives 

some examples of such systems [7-10] but none for this 

kind of motor. 

2. Synchronous Motor Model 

SM dynamic system which is based on magnetic 

fluxes as state variables is not suitable; it is therefore 

necessary to express the system through the currents as 

state variables: 
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Coefficients a1, a2, etc. incorporate synchronous 

machine standard parameters: Lmd, Lmq, rs, rf ., etc.. 

Parameters’ (resistance andinductance) variation 

due to time and nonlinearity of magnetic circuits was 

not considered. 

3. State Observer 

According to Eq. (1), Luenberger full order type of 

observer is used; the estimated system is given in Eq. (2): 

Errors are defined as: 

݁ଵ ൌ ݅ௗ െ ଓௗෝ ;݁ଶ ൌ ݅௙ െ ଓ௙ෝ ;݁ଷ ൌ ݅஽ െ ଓ஽ෝ ; 

݁ସ ൌ ݅௤ െ ଓ௤ෝ ;݁ହ ൌ ݅ொ െ ଓொෝ ;  ݁଺ ൌ ߱ െ ߱ ෞ . 

Coefficients k11, k12, etc. will be used to achieve the 

convergence. 
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(2)

Error dynamics is defined as Eqs. (1) and (2). 

Error system stability will be proved by Lyapunov; 

the following Lyapunov function is defined: 
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According to Lyapunov, stability is achieved if 

differential of V1 is negative for any value of the error. 
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Calculating error dynamics (1)-(2) with appropriate 

coefficients, differential of Eq. (3) can always be made 

negative for the entire speed range of the motor. 

4. Control Law 

4.1 Feedback Linearization 

Control based on feedback linearization method. As 

far as it is known, feedback linearization has not been 

applied to SM before. On the other hand, this method 

enables cancelation of all system nonlinearities (and 

linear parts too) which is favourable in a complex 

system such as Eq. (1). After this cancelation, pole 

placement will be used; and the most important feature 

is (as stated in Section 1.2) that it will be used in 

input-output decoupled form. 

4.2 Control in Lie Algebra Form 

Starting from the estimated system, after some 

rearrangement, the system becomes suitable for 

linearization: 
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The ଵ݂
෡ , ଶ݂ 

෢, … , ଺݂
෡  are parts of estimated states (3) as 

given in Eq. (4). 

Excitation (field) voltage will not be controlled, but 

will remain a constant. So the system (4) will be a bit 

simplified. 

Control will make a tracking system of two outputs: 

rotor speed, and square of stator magnetic flux: 
෠݄

ଵ ൌ ߱ ෞ; ෠݄
ଶ ൌ φෝௗ

ଶ ൅ φෝ௤
ଶ               (5) 

It is necessary to separate the first output into two 

variables; so the new one ෠݄
ଵଵ (an electric torque) is 

introduced. According to Lie algebra, output 

differentials are made: 
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Recall the Lie derivative of h along the vector field f 

defined by: 
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Differentialof ෠݄
ଵଵ in Lie algebra form is: 

෠݄ሶ
ଵଵ ൌ L௙መ

෠݄
ଵଵ ൅ L୥ଵ

෠݄
ଵଵuௗ ൅ L୥ଶ

෠݄
ଵଵu௤    (11) 

Where, 
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Similarly, for the second output: 
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The system of estimated outputs is now: 
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And the last two can be directly controlled: 
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where, G is decoupling matrix: 
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Matrix G is nonsingular in any operating point, 

except in the origin. Singularity in the origin can be 

easily avoided by putting initial conditions of the state 

observer a bit different from zero. 

The control law is defined as follows: 
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where, Eq. (16) shows input-output decoupled control 

of speed (torque) and flux. 

With errors e଻ ൌ ෠݄
ଵ െ ݄ଵ௥௘௙ ; e଼ ൌ ෠݄

ଵଵ െ

݄ଵଵ௥௘௙;  eଽ ൌ ෠݄
ଶ െ ݄ଶ௥௘௙ and h11ref  defined as: 
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݄ଵଵ௥௘௙ ൌ  ሶ݄
ଵ௥௘௙ െ ݃ହ்ܯ െ ݇௣଴݁଻ െ ∆, output error 

dynamics is gained: 
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5. Internal Dynamics 

The relative degree of the system is lower than the 

system order, so it is necessary to check the systems 

internal dynamics. 

There is a well known theorem of bounded function 

which states that the sum and product of bounded 

functions is also a bounded function. The reverse is 

also valid. 

In this system, the second output (that is of course 

bounded by the reference) is sum and product 

composition of state variables: 

݄ଶ ൌ ൫ܮௗ݅ௗ ൅ ௠ௗ݅௙ܮ ൅ ௠ௗ݅஽൯ܮ
ଶ

൅ ൫ܮ௤݅௤ ൅ ௠ௗ݅ொ൯ܮ
ଶ
(18) 

Because the first output h1 is ω all state variables are 

included, and it can be concluded that all internal 

dynamics are bounded. 

6. System Stability 

Lyapunov function of the entire system “observer + 

controller” is: 

V = V1 + V2                   (19) 

Here V1 is Lyapunov observer function defined in Eq. (3). 

If V2 is defined as: 
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Its differential is: 
ሶܸଶ ൌ ݁଻ ሶ݁଻ ൅ ଼݁ ሶ଼݁ ൅ ݁ଽ ሶ݁ଽ              (21) 

That is always negative if kp0, kp1 and kp2 are 

positive values. 

Both functionsV1 and V2 are Lyapunov stable, and it 

is concluded that the entire system is asymptotically 

stable. 

Because it is not possible to prove that matrix G is 

globally invertible, global asymptotic stability cannot 

be claimed. 

7. Control Scheme 

Previous considerations are outlined in the control 

scheme shown in Fig. 1. 

Control will optimize the SM currents so that the 

difference (error) between estimated and reference 

trajectories is minimized. 

It is necessary to have current and voltage 

measurements, rotor speed measurement and to know 

the load torque (if it is not constant). Measurement of 

rotor angle is also necessary, especially because of 

initial angle determination. 

8. Space Vector Modulation 

Modulation of voltage source inverter control 

signals is done by PWM (pulse width modulation). 

Nowadays, SVPWM (space vector pulse width 

modulation) is standard power converters switching 

technique. 

Its advantages over other PWM techniques are: It 

has common modulator for all three phases, so 

interaction between phases is considered; it generates 

less harmonic distortion in both output voltage and 

current; it has more efficient use of supply voltage; 

and it has a constant switching frequency. 

There are many SVPWM switching patterns. 

Because of a low THD (total harmonic distortion) over 

the whole modulation range, a symetrical pattern is 

chosen. 

Higher inverter operating frequency increases 

precision of the control and the quality of current 

waveforms. In the following simulations the carrier 

frequency of about 6 kHz was chosen; which is well 

within the operating range of modern power 

electronics. To build SVPWM it was neccesary to 

model some functions. As found in other SVPWM 

related literature, they are omitted from this paper. 

9. Case Study 

The complete simulation study for one ordinary SM 

is given here. 

9.1 Energetic Part 

Synchronous motor will not be directly connected to 

inverter; to achieve the sinusoidal waveforms of 
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Fig. 1  Control scheme. 
 

current and voltage it will be necessary to connect the 

filter: reactor in series, and the capacitor (with series 

resistor) in parallel to the SM. 

Now, it is necessary to go back to the system 

equations and to take reactor inductance into 

consideration. Due to the high impedance of parallel 

connected capacitor (with resistor), its influence can 

be disregarded. 

After some algebra this initial system is achieved: 

ቄ
ௗݑ
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ቅ ൌ ቐ
݅ௗܴ௦ ൅

ௗట೏

ௗ௧
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݅௤ܴ௦ ൅
ௗట೜

ௗ௧
൅ ߱ሺ߰ௗ ൅ ݅ௗܮ௥௘௔௖௧ሻ

ቑ (22) 

It is now necessary to modify Eq. (1) on the basis of 

Eq. (22) and to include all necessary SM parameters to 

gain the form used in the simulation. The complete 

simulation model is given in Fig. 2. 

The system is usually described in per unit system 

values, and so it will be used in this case, too. 

Nominal parameters of SM are given as per unit 

values on SM stator basis; it will be necessary to 

calculate excitation voltage and reactor inductivity on 

the same basis. 

SM nominal values: Sn = 8.1 kVA, Un = 400 V, 

fn = 50 Hz, p = 2, H = 0.1406 s. 

Stator winding (p.u.): Rs = 0.082, Lσ = 0.072, Lmd = 

1.728, Lmq = 0.823. 

Excitation winding (p.u.): Rf = 0.0612, Lσf = 0.18. 

Damper winding (p.u.): Rkd = 0.159, Lσkd = 0.117, Rk 

= 0.242, Lσkq = 0.162. 

Reactor (p.u.): Lreact = 0.158. 

Some standard values of RLC filter are used in this 

work: 

Inductance: 10 mH; 

Capacitance: 4 nF; 

Resistance: 10 kΏ. 

9.2 Observer Simulation 

For the given SM parameters and Lyapunov 

function, convergence coefficients have to be found. 

They are: k3 = 2; k2 = -0.2; 
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Fig. 2  Simulation model. 
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݇ହ଺ ൌ 10.4 ݅ௗ ൅ 7 ଓො஽ ൅ 7 ݅௙
0.6 ݅௤

݇ଵ
 

݇ଵଶ ൌ 0.36; ݇ଵସ ൌ െ2.78 ෝ߱ 

݇ଵ଺ ൌ 6 ݅௤ ൅ 3.2 ଓ௤̂ ൅ 11.6 ଓொ̂ 

݇ଶ଺ ൌ െ2.25 ݅௤ ൅ 6.2 ଓ௤̂ െ 2.1 ଓொ̂ 

݇ଶସ ൌ െ11 ෝ߱;   ݇ସ଺ ൌ െ5 ݅ௗ െ 2.2 ଓ஽̂ െ 2.2 ݅௙ 

݇ଵଵ ൌ 50; ݇ଶଶ ൌ 55; ݇ସସ ൌ 55; ݇଺଺ ൌ 65; 

݇ଶଵ ൌ ݇ସଵ ൌ ݇଺ଵ ൌ ݇଺ଶ ൌ ݇଺ସ ൌ 0 

A stable observer is thus completed and its 

simulation is done. Observed states’ errors, as well as 

damper winding observed currents are shown. Given 

results are for the SM starting up to 0.3 p.u. rotor 

speed. In Figs. 3, 4 and 7, the current observer errors 

for currents id, if, iq are given respectively. As they are 

known states; their errors are (according to expectation) 

approximately zero. In Figs. 5 and 8, the damper 

winding observed currents iD and iQ are given; in Figs. 

6 and 9 their respective errors are also shown. Because 

of high performance control demand and the field 

winding that is initially supplied with nominal voltage; 

the damper winding currents rapidly rises at the start 

and the observer is good enough to follow the changes. 

In Fig. 10, rotor speed observed error is given. 

9.3 Starting up to 0.3 p.u. Rotor Speed 

Matlab Simulink simulation of the following 

characteristics is made: continuous system, variable 

step integration, relative tolerance 1e-3, absolute 

tolerance 1e-4. 
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Fig. 3  id current observer-error. 
 

 
Fig. 4  if current observer-error. 
 

 
Fig. 5  Damper d-axis observed current. 

 

Fig. 6  Damper d-axis observed current-error. 
 

 

Fig. 7  iq current observer-error. 
 

 
Fig. 8  Damper q-axis observed current. 
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Fig. 9  Damper q-axis observed current-error. 
 

 
Fig. 10  Rotor speed observed-error. 
 

Figures show SM starting: rotor speed (Fig. 11), 

stator currents (Figs. 12 and 13) and voltages (Figs. 14 

and 15), rotor (field) current (Fig. 16), electromagnetic 

torque (Fig. 17), load torque (Fig. 18), stator magnetic 

flux (Fig. 19), speed and flux errors (Figs. 20 and 21). 

Both references, as well as load torque increase linearly 

until SM reaches the required speed. The results show a 

successful starting with certain errors primarily in the 

beginning , while the stationary error is about 1%. 

The selection of a stationary speed of 0.3 p.u. was 

done solely for practical reasons (saving time, lack of 

computer memory). In addition to the startup, step 

change in load torque in the steady state is done. The 

rotor speed error during step increase reaches up to 

about 1.5%. 

 
Fig. 11  Rotor speed. 
 

 
Fig. 12  Stator currents. 
 

 
Fig. 13  R-phase current. 
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Fig. 14  Stator voltages. 
 

 
Fig. 15  Line voltage. 
 

 
Fig. 16  Rotor current. 

 
Fig. 17  Electromagnetic torque. 
 

 
Fig. 18  Load torque. 
 

 
Fig. 19  Stator flux. 
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Fig. 20  Rotor speed-error. 
 

 
Fig. 21  Square of stator flux-error. 

9.4 Starting up to Nominal Rotor Speed 

In the second simulation, rotor speed reaches its 

nominal value. But, because of already mentioned 

computing restrictions, it was necessary to reduce the 

precision (relative tolerance 7e-3, absolute tolerance 

7e-4). Figs. 22 and 23 show rotor speed and stator flux. 

Output reference errors are given in Fig 24. (rotor 

speed) and Fig 25. (square of stator flux). Good 

control is achieved as in the first simulation. 

10. Contribution 

A novel method for control of synchronous motors 

with excitation and damper windings is presented. The 

method is based on the feedback linearization principle. 

It is necessary to begin with a description of the 

synchronous motor using currents as the state 

variables. After that, the output variables are defined 

 
Fig. 22  Rotor speed. 
 

 
Fig. 23  Stator flux. 
 

 
Fig. 24  Rotor speed-error. 
 

and accordingly mathematically provable stable 

system is established. For the implementation of the 

control in terms of synchronous motor electric drive, it 

is necessary to apply modulation for power converter 

switching. For that purpose space vector pulse width 
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Fig. 25  Square of stator flux-error. 
 

modulation SVPWM is used. In addition, for obtaining 

quality waveforms of stator voltage and current, it is 

necessary to define an appropriate filter. 

Since synchronous machine model takes damper 

windings into consideration, it was necessary to 

develop an adequate estimation of the damper currents. 

Previous methods for estimation of damper currents 

are inadequate for this kind of dynamics. Therefore, 

well defined Lyapunov function enables high-quality 

estimation of total SM state variables, and can be 

applied to all SM. 

11. Future Work 

Controller is discretized in a way that switching 

frequency and sampling time have acceptable (realistic) 

values. Simulations of this sampled data system give 

similarly good results as for continuous system. In the 

future, adaptive algorithm for field and stator resistance 

will be included in the control system. 

12. Conclusions 

The paper presents the simulation of starting of the 

synchronous motor with excitation and damper 

windings. Simulations are performed with different 

values of steady state speed, considering different 

computation errors. In addition to the starting, 

simulation of load torque step change is done. 

Simulations give good results. 

To achieve desired SM starting, tracking control 

system of two output variables is developed: one being 

rotor speed, and other square of stator flux. Excitation 

voltage is kept a constant value during the whole 

simulation. 
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