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Abstract: This paper presents the stator voltage control of a wound rotor synchronous generator which is treated as a
standalone generator. The stand alone Wound Rotor Synchronous Generators is most commonly used for the stand-
alone generation emulating the power grid for emergency and security reasons. They found their applications in electric
vehicles, renewable energies etc. The standard dg model of the machine is connected to a resistive load. A switching
function is defined in order to fulfil control objective. A sliding mode control algorithm is proposed to obtain a very
simple controller which ensures stability. The obtained control laws regulate the stator voltage amplitude irrespective of

the load value. The design of control law requires only voltage measurements and is easily implementable.
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Stand-alone generation
I.  INTRODUCTION

The worldwide demand for electrical energy is increasing
in a large scale and is widely studied around the world due
to the advantages of transmission possibilities, flexibility
and control capacity among others. Electrical energy is
mainly generated by interconnecting wound rotor
synchronous generators (WRSG) driven by prime movers
which are basically wind, hydro, steam turbines or internal
combustion engines. When Wound Rotor Synchronous
Generators (WRSG) are connected in parallel it will set up
a theoretical infinite bus ™. In this configuration the the
own grid determines the stator voltage and frequency and
the rotor voltage helps to improve the power factor and to
compensate the reactive power at the connection point.
But when a WRSG s isolated from the grid and kept as
stand alone the configuration is different. In this
configuration neither the stator voltage amplitude nor
frequency is fixed. For this stand alone configuration, the
mechanical speed determines the frequency, and the rotor
voltage is used to regulate the stator voltage amplitude. In
the stand-alone case it is not possible to neglect the
transients of the machine

The synchronous machines can be controlled by several
techniques. The most common are linear techniques ! and
hysteresis regulators. However, decoupling methods are
also used to the synchronous machine control. Modern
control techniques, such as passivity-based control optimal
torque control ! or predictive control are also used for
synchronous machines speed regulation. From literature
examples it is clear that normally industry applications use
linear controllers which cannot ensure stability as the
electrical machines are highly interconnected non linear
electromechanical systems. Therefore it is necessary to
design a nonlinear controller which takes care of the
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system dynamics. Sliding Mode Controller (SMC) is one
of the best nonlinear controllers for which is designed to
control the stator voltage amplitude. Apart from other
linear controllers the Sliding mode controller only requires
voltage measurements, and is easily implementable. The
robustness and ease of implementation make this approach
particularly attractive.

Il. SYSTEM DESCRIPTION

Fig 1 shows the proposed system scheme. A prime mover
drags the WRSG which is feeding a continuously varying
resistive load. o, is the mechanical speed. V. V¢ are the
stator and field voltages. I, and I; are the stator and field
currents. As explained earlier in this configuration the
frequency is determined by the mechanical speed given by
the prime mover and the stator voltage amplitude is
regulated by the rotor field voltage.

WRSM

ve 09 I

Scheme of a standalone WRSG

Fig1

I1l. SYSTEM MODELLING

An electrical machine is a highly interconnected non linear
electromechanical system. A three-phase wound rotor
synchronous machine is composed by a set of three-phase
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stator and field windings. At the stator side, the voltages,
currents and fluxes are three-phase variables, while the
rotor variables are one dimensional. The dg-transformation
allows simplifying the study M. This transformation
eliminates the 6 dependent coefficients of the inductance
matrix and reduces the three-phase system into a two-
phase system.

A. Dynamic model

A WRSG can be represented by means of dq coordinate
dynamic equations. The electrical part of a wound rotor
synchronous machine can be described using the state
space form as

[ —Rs wls o 1 Mv, |
dx | |
7:‘—a)LS — Rs —coLm|X+|vq |
dt

| o o  -R, | v, @

Where L is the inductance matrix and is given
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Where L, Ly, L; are the stator, magnetizing, and field
inductances. o is the electrical speed. v4 and v, are the dq
stator voltages; and v; is the field voltage which will be
used as a control input. In order to design the control law,
let us first obtain the complete model of a WRSM
connected to a resistive load R,.

By connecting the resistive load to the system the system

can be represented in the form as

dx
L—= Ax + Bv,
dt

(4)

Where L is the inductance matrix defined before and A
and B are given by

[o7

(R, +R,) oL, 0 B:ioi
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| o0 0 -R, |
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B. Control objective

As mentioned before, this machine must ensure stator
voltage amplitude and frequency. For a synchronous
generator, the stator frequency is directly given by the
mechanical speed, which, in this paper it is assumed to be
constant and externally regulated. Then, the system output
is the stator voltage amplitude Vs, which can be
represented in a dg-coordinates as,

V. :\lvzu +V2q (5)
By using state variables Vcan be represented as
V, =R i’ +i% )

From (3) and (5), where V; was replaced by its desired
value V,, at the equilibrium point (i'q i ir and the
control input V't is obtained. Using cylindrical
coordinates system, the equilibrium control input is
obtained as

()

R " B
F—V (oL, cos § + (R, + R, )sin &
oL R

m L

V ¢ = —

Where & is the load angle.
IV. CONTROLLER DESIGN

In this Section the Sliding Mode Control technique is
developed to regulate an isolated wound rotor synchronous
generator. The purpose of the switching control law is to
drive the nonlinear plant’s state trajectory onto a pre
specified surface in the state space and to maintain the
plant’s state trajectory on this surface for subsequent time.
The surface is called a switching surface. When the plant
state trajectory is “above” the surface, a feedback path has
one gain and a different gain if the trajectory drops
“below” the surface. This surface defines the rule for
proper switching.

This surface is also called a sliding surface or sliding
manifold. For sliding mode controller, Lyapunov stability
method is used to keep the nonlinear system under control.
Therefore simple control algorithm can be developed.
Sliding mode control is an important robust control
method.

A. Sliding mode controller

The switching function is directly derived from the stator
voltage amplitude, and assuming a bang-bang control
action According to the control objective a switching
function is to be defined as follows

s(X) =V % -V 2, (®)

By using state variables the switching function can be
written as
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S(X) = R°L(i%a +i%a) =V 9)
Instead of classical error difference square error of the
voltage amplitude is chosen because both equilibrium
points are achievable.

The equivalent control satisfies S=0.By considering eq(4)

os
—L (Ax+Bueq):O

ox (10)

Now, solving for ue and replacing the matrices and
partial derivatives we get ueq as

E

u_ =R_i_ — (R, + R )i, +

" (11)
m[(RS+RL)_ i
— i

. q
q + ol —
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m

Where m = LLr — L?,, which is always positive. The
closer to zero ig, the higher the equivalent control.
Lyapunov method is usually used to determine the
stability properties of an equilibrium point without solving
the state equation. Let V(X) be a continuously
differentiable scalar function defined in a domain D that
contains the origin. A function V(x) is said to be positive
definite if V(0)=0 and V(x)>0 for x. It is said to be
negative definite if V(0)=0 and V(x)>0 for x. Lyapunov
method is to assure that the function is positive definite
when it is negative and function is negative definite if it is
positive. In that way the stability is assured.

Consider the following Lyapunov function which s
positive.

<

Il
NP

(7]

To stabilize the closed loop system, the derivative of
Lyapunov function must be negative. that is the sliding
mode controller must ensure that,

This is equivalent to,

os
s—L (Ax + Bv,)<O

oX (12)
Adding and subtracting Bueq and considering Ueq,
s os L'B( )< 0
— v, —u <
6X f eq (13)
The control action is defined by
s
—u, —ksi —L7'B
v uEq sign [S ox } (14)

Copyright to IARJSET

DOl 10.17148/IARJSET

The control action can be simplified as

v, =u, — ksign (-si,) (15)
With a positive ‘k’ fulfills the stability condition g L <0
The stability condition is simplified to dt
(Vi-U,)si, <0 (16)
The control rotor voltage is given by
, if si 0
<f+ v, -| S-I § < ]} an
[~ Ve if  si, >0J

The proposed control scheme is shown in Fig 2.

2
Voref -5 e Vi
E— | SMC [~ WRSM >
|
st [a ; b
2.2 €
Vet 1 | g
q le—| abc dq;_
\"q Vabe
Fig2:  control scheme

V. SIMULATION RESULTS

In this section the simulation results of the designed
sliding mode controller controllers for the stand-alone
wound rotor synchronous generator is presented. The
simulations were performed using Matlab/Simulink. The
simulation parameters are shown in tablel. The various
results correspond to the load change with respect to time.
The load is taken as a function of time and is continuously
varying. The variation of the switching function with
respect to load change is plotted. Moreover the regulated
three phase stator voltage wave form is also plotted. The
results are used to validate the performance of the
controller.

Tablel: WRSG simulation parameters

Parameters Value with units
Power rating ,p 2.4 KVA
Frequency,f 50 Hz

Speed ,N 1500 rpm

Field voltage, Vs 100V

Field current ,I; 24 A

Stator current, | 6.3 A

Stator resistance,R; 3.06 Q

Mutual inductance,L, 0.31H

Stator inductance, L 0.48H
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Field inductance,L¢ 3.87H
Field resistance, R¢ 39.65 Q
Number of poles 4

The variation of stator voltage with the change of load
resistance at time t=4sec is plotted fig 3.

Mabc involts

Time in seconds

Fig3. Change in stator voltage with respect to R

The variation of switching function with respect to
continuous load change is shown in fig4.

il |

s

Vref_qr-Vs_qr

0 0s8 1 15 2 25 3 35 4 45 5
time (seconds)

Fig4. Change in Vs? Vr?, S with respect to R,

The bang bang control action is depicted in fig 5.from the
plot it is clear that s*id is negative the equivalent control
action is positive value.

V(volts)

! 05 1 15 2 28 3 15 { 45 §
fime (seconds)

Fig 5: variation of field voltage (vf) with S*id
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Fig 6 shows the regulated outputs after control action.
The Pgen and Qgen are the real and reactive components of
generated power.up to time t=0.5 sec there is some
disturbances in the ouput. After that due to the control
action it is settled.

stator voltage magnitude
| T
1=
5 !
0 08 T &5 % 25 &% 35 4 45 &
stator current magnitude
22
¥
w4
0 058 ¢ #45 2 25 3 35 4 45 3
Real power generated
34
I
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0 08 T 45, 2 25 & 35 4 45 &
Reactive power generated
32 R T T T T T T T T
£
c ! |
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0 05 4 €48 2 268 3 35 & 45 &
time in sec
Fig 6. Regulated output parameters with respect to R

Fig7. Shows the regulated three phase stator voltage wave
form.

Time (seconds)

Fig 7: Regulated three phase stator voltage .

From the simulation result it is clear that the stator voltage
amplitude settled to its actual value within a few seconds
because of the sudden control action.

VI. CONCLUSIONS
A sliding mode controller is designed for a stand alone
wound rotor synchronous generator which is feeding

resistive load. The obtained control law regulates the stator
voltage amplitude irrespective of the load value. and the

10.17148/IARJSET 128



ISSN (Online) 2393-8021

I A R J S E T ISSN (Print) 2394-1588

International Advanced Research Journal in Science, Engineering and Technology
National Conference on Emerging Trends in Engineering and Technology (NCETET’16)

Lourdes Matha College of Science & Technology, Thiruvananthapuram

Vol. 3, Special Issue 3, August 2016

closed loop system is invariant to machine parameters.
Only voltage and rotor position measurements are required
to compute the dg-transformation. The simulation results
are provided to validate the performance of the controller.
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