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Abstract: - This paper proposes a DSP based simulator for the implementing and testing control algorithms.
The simulator is used to control a synchronous power plant model in real time. The simulator consists of a PC,
on which the synchronous generator connected to AC network is simulated, connected through a
communication channel to a DSP into which the control algorithm has been implemented. The simulator
enables verification of the control algorithm on a simulation model in real time. In real time the simulator
enables faster processes of engineering, implementing and verifying control algorithms not only for the voltage
control system of a synchronous generator, but also for other systems able of having mathematical and
simulation models. This paper shows a comparison in the case when both the system model and the control
structure are simulated and for a case when the model is simulated on a computer and the control structure
implemented in the DSP. The implementation of a conventional and a nonlinear synchronous generator voltage
control structure has been presented. These methods were tested in the cases of voltage reference change,
mechanical power change and the case of a short circuit on the transmission line.

Key-Words: - Real time simulation, DSP based simulator, synchronous generator, excitation control, nonlinear
control
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1 Introduction generator, connected by a communication channel
Testing a controller in complex process control (through a parallel port) to a DSP into which the
systems demands a real control system or an control algorithm has been implemented.
adequate laboratory model. After engineering the ) Th‘f data exchange between the PC and the DSP
necessary electronic circuits, simulating and is carried out by a JTAG (JOi”_ Test Action Group)
implementing the control algorithm, the controller's emulator through the real- time data exchange
operation on a real system must be verified. With interface (RTDX). This kind of simulator for the
complex systems, such as a power system, testing of controller operation in a system is less
engineering an adequate laboratory model is techmcally and economically demanding than if the
difficult and expensive, and the real, operating testing was .conducted on a lab model, or on a real
systems are rarely put to a stop so as to examine the system. Different control processes can be
operation of its controller. It is desirable, for simulated with the mathematical and simulation
technical and economic reasons, to have a models and the input/output signals can be brought
simulator, which would simulate the physical directly to the contrqller, while t.esting .its operation
behaviors of real, complex systems [1], [2], [3]- (processor/hardware in the loop simulations).

The implementation of a control algorithm and \\
the testing of a controller within a synchronous '
generator's voltage control system by a simulator v
are presented in this paper. A synchronous \/
generator's dynamic behavior is simulated in real %

time using a Matlab/Simulink program package.
The control algorithm was implemented on a
TMS320F2812 digital signal processor (DSP) by
Texas Instruments. DSP based simulator (fig. 1) Fig. 1 DSP based simulator
consists of a PC simulating a synchronous

TMS320F2812
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’
Synchronous ' Transmission Transformer
Generator Line
Fig. 2 Synchronous generator connection to AC
network

The simulator contains commercial electronic
components that are easily accessible and
economically acceptable.

In this paper the voltage control system of
synchronous generator is examined.

The synchronous generator is connected to a
network through a transmission line (fig. 2)
(reactance of transmission line is 0.2 p.u.). Fig. 3
shows the generator's voltage control system block
scheme.

The generator's voltage control system consists
of a proportional excitation current controller and a
PI voltage controller which is super-ordinate to it
[4], [5]. The control system's input signals are two
measured phase currents, two line voltages and the
generator's excitation current, while the system's
output signal is a PWM signal for an AD/DC
converter.

Excitation
Current
Controller

Voltage
Controller ;

Fig. 3 Generator's voltage control system

2 Simulation model of the
synchronous generator
Before implementing and testing controller

operation in a real system, it is necessary to make a
mathematical and simulation model of the real
system. The mathematical model of synchronous

generator is determined by the following
differential equations [4]:
—u,=ri,+——2+w-¥ 1
d d a)s dt q ( )
u,=r-i + 1 L—w- ¥ ()
! ", dt !
ISSN: 1991-8763

532

Damir Sumina, Igor Erceg, Gorislav Erceg

.1 av,
Uy =rp-i, +Z_t 3)
OZrD-1D+wi~dzD 4)
.1 dY¥,
OZVQ'ZQ 57 (5)

The equations defining the relations between the
fluxes and currents are:

W, =x, iy x,,0 0+ X0 (6)
W, =x, 0, +x,1, @)
‘Pf=xad-id+xf-if+fo-iD (8)
Wy =Xy X i+ X0, )]
Wy =x,1,+x,0, (10)
The aggregate motion equations are:

do

—=(w-1)w 11
" le-1)-o (1)
do 1

—=—"m,—m 12
o~ m,—m,) (12)

The electromagnetic torque of the generator is
determined by equation:

m, =Y -i,-¥, i, (13)
Connection between the synchronous generator
and AC network is determined by the following

equations:

ud=id~re+xe -%+a)~xe-iq+usd (14)
di
quiq-rE+%-7:—a)-xe-id+usq (15)
u, =U,-(~sind) (16)
u, =U,-coso (17)

The mathematical model of a synchronous
generator connected to a power system is simulated
in the Matlab/Simulink program tool.

In the first case the simulation model (fig. 4)
includes a proportionally integral (P.I.) voltage
controller and a proportional (P) generator
excitation current controller.

After performing the tests on a simulation
model it is necessary to implement the control
algorithms into the existing excitation system.
Nowadays, digital signal processors (DSP) are
often used as control units in the excitation control
system of a synchronous generator due to the large
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quantities of data that need to be processed in a
short amount of time. Until recently, a DSP could
only be programmed using a high-level languages
(C/C++, Java, etc) or through assembly languages.
This demands additional knowledge of DSP
programming.

Controller operation must be verified after
implementing the control algorithm into the DSP.
A laboratory model of a generator's voltage control
system is complex and may not be profitable. Also,
it is rarely possible to perform this kind of voltage
control system testing on the real power plant,
because it demands that the power plant operation
be stopped. So, in the second case the control
structure is implemented in the DSP system and
then compared with the first case, when the control
structure is simulated in Matlab/Simulink.

3 Simulation model of the voltage

control system

The simulation model of a synchronous generator's
voltage control system (fig. 4) describes the given
system well. Various control algorithms can be
tested on this model, and the physical behaviors of
the system with different control algorithms can be
observed. The simulation model does not operate in
real time, and the limits of actuating units within
the control system have been ignored, such as
processor type (32-bite, 16-bite), types of data the
processor works with (fixed-point or floating-
point), speed of transfer and of data processing,
signal filtration in cases of analog- digital
conversion.

Besides, this model is not suitable for the direct
implementation of the control algorithm into the
DSP, because it is simulated using the variable-step
ode45 (Dormand-Prince) method. It is impossible
to know the exact state of the simulated physical
variables at every moment.

The simulation model at hand cannot be simulated
using any fixed-step methods due to algebraic

Ug

sart(ul1172+ul2172) |
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f
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loops. That is why the control system controller in
the simulation model must be a discrete one.

The PI voltage controller (fig. 5) and the P
excitation current controller (fig. 6) from the
synchronous power plant simulation model must be
realized in the discrete domain (fig. 7), so the
algorithm can be implemented into the DSP. The
voltage reference signal, as well as the measured
voltage and measured excitation current signals
have been made discrete using the Zero-Order Hold
function.

s/

Integrator
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Vu Ll

Kp

Ll

e
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Fig. 5 PI voltage controller
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Fig. 6 P excitation current controller
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Fig. 7 - PI voltage controller and P excitation
current controller in discrete form

Simulation tests of the generator's voltage
control system's operation have been done for both
the cases of generator's reference voltage step-
change and of a short circuit on transmission line

(fig. 2).
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Fig. 4 Simulation model of synchronous generator's voltage control system
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4 Using simulator for implementing

and testing of algorithms

Several changes need to be made for implementing
the control algorithm into the DSP system. The
simulator works with a 32-bite fixed-point
TMS320F2812 DSP. Therefore, all the floating-
point input signals must be converted into fixed-
point signals. The voltage reference signal,
measured voltage and measured excitation current
signals have been converted from floating-point into
fixed-point signals using the IQMath blocks (Float
to IQN).

Fig. 8 shows the synchronous generator control
algorithm implemented in the simulator based on
the DSP. A PID controller block from the DMC
library was used for the synchronous generator's PI
voltage control and P excitation current control.

Control algorithms with the simulator are block-

programmed using Matlab/Simulink R2008a (with
TC2 Target Support Package) [6], [7], [8].
Using Real Time Workshop, Embedded Link IDE
CC, the block algorithm of the synchronous
generator's excitation system is automatically
translated into C/C++, and also automatically
lowered into the DSP. The communication between
the PC and the DSP takes place via a parallel
communication port using the RTDX interface [9].

Damir Sumina, Igor Erceg, Gorislav Erceg

4.1 Implementing of conventional algorithm
The generator's voltage control system's operation
has been tested for the cases of reference voltage
step change and of a three-phase short circuit on the
transmission line.

Fig. 9 show the generator responses in the case
of a short circuit which happened at 0,3 seconds and
lasted 100 ms, for a system with a simulated discrete
and DSP implemented controller.

Fig. 10 show the generator responses for
generator's reference voltage change from the initial
value of 1 p.u. to the value of 0,8 p.u., for a system
with a simulated discrete and DSP implemented
controller.

The simulation model controlled by the simulator
(DSP) in real time has an 0,8 ms delay compared to
a case, where the simulated model of the controlled
system is performed on a PC. The simulator's delay
compared to a synchronous generator's discrete
excitation system is caused by the delay in data
exchange between the DSP and the PC.

From RTDX To Convert A Pple re
— ——»
Uref Sample (Sl Uer Iref
From RTDX F281 DTC1 PI controller
FixPt (32,21)
From RTDX | To ‘ Convert
Ug > Sample > (Sl
From RTDX1 F2S2 DTC2
)4
From RTDX | To ‘ Convert >_.|.
Ifd > Sample > (Sh O
le
From RTDX2 F2S3 DTC3
To RTDX To int32
% Bl Ml reg e
output Sample (Sl
Custom Board To RTDX F2S4 DTC4 P controller
FixPt (32,21)

Fig. 8 Synchronous generator control algorithm on DSP based simulator
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Fig. 9 Synchronous generator's voltage, active power
and load angle for short circuit with simulated
discrete and implemented in DSP PI voltage
controller and P excitation current controller

Voltage

0.998 | 4 - - - N T

ulp.u.]

|

‘ ‘

| Simulated
0.996 | - DSP S

| T

1

0.3 0.305 0.31 0.315
t[s]

Fig. 11 Time delay of the simulator

4.2 Implementing of nonlinear algorithm

The parameters and characteristics of a conventional
voltage regulator are determined based on a
linearized synchronous generator model operating at

ISSN: 1991-8763

Damir Sumina, Igor Erceg, Gorislav Erceg

Voltage
1.1 . :
| . |
| Simulated | |
1 - DSP T e
— \L ! T ‘!
2 N\ | /
S 09r------ 'alif ——————— ‘L—————?"—‘L ————————
\ N
08} - ——---- A —t ]
| | |
1 1 1
0 0.5 1 1.5 2

t[s]

plp.u.]

t[s]

Load angle
10 ;T,,, ,—,,_,i/{.,j‘t,,i ,,,,,,,,,
| / | \ |
| ,'" | |
Y] Y S a2 kl ,,,,,,,,,
3' | f 4 | |
- ‘f/ | |
2 i/ | \
20— — N
/; Simulated i \
0 0.5 1 1.5 2

t[s]

Fig. 10 Synchronous generator's load angle for
generator's reference voltage change with simulated
discrete and implemented in DSP PI voltage
controller and P excitation current controller

a specific work point so this regulator is not robust
to generator work point changes, i.e. to system
structure changes (transmission line falling out,
short circuit on a transmission line etc.). The power
system keeps making bigger demands to the power
units and thereby to the generator excitation control
system. This imposes the need to explore other
types of structures and synchronous generator
excitation system control algorithms. Starting from
the demands of the power system makes on the
power aggregate, i.e. on generator excitation, a new,
nonlinear excitation controller has been developed
and implemented by using Lyapunov's direct
stability method. The nonlinear regulator not only
keeps the voltage on generator clamps equal to the
reference voltage, but also damps the -electro
mechanic oscillations of the power unit.

Lyapunov's direct method [10], [11], [12] was
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used to develop the nonlinear voltage regulator as
well as a third order mathematical model of a
hydrogenerator (active resistances of the stator coils
and transient processes in damping coils were
neglected), which is connected to an AC network
via transformer and transmission line (fig. 2).
Vector diagram of a hydrogenerator connected to
AC network is presented on the fig. 12.

A q
X
E=Eqs b iXaly
L iXdle axg
E'=E, X,
U .
Usq A EJXCId
U/
Iq | Yo wI 3
i I4 U d

Fig. 12 Vector diagram of hydrogenerator connected
to AC network

The mathematical model of synchronous
generator connected to AC network is given by [1],

(2], [11], [12]:

E=(a)—l)‘a)s (18)
dw 1

e _ 19
a1 P r) 19)
dE' 1 .

T (£, -i,x,) (20)

where ¢ is the load angle, @ rotation speed and E,/

transient induced voltage in the ¢ axis g osi. P,
denotes generator active power which comes to:

E'U, .

4% .sin(5)

[
Xy +xe

U? X,'—x, .
s . sin(2-8
" 2 [(xd, +xe).(xq +xe)] Sm( )

Lyapunov's direct method is one of the more
important tools for analyzing stability of nonlinear
systems today. Lyapunov's methods are also used in
the synthesis of nonlinear control algorithms, known
as Control Lyapunov Function (CLF) [13], [14],
[15], [16], [17]. The existance of the CLF is both a
necessity and condition enough for system stability.
Using the CLF can lead to the development of
varius rules of control which will asymptotically

P.=
1)
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stabilize the system. The CLF's greatest
disadvantage is — there is no exact way to find a
CLF for a nonlinear system.

Further on, a control algorithm has been
developed for the control of a synchronous
generator excitation system, which will confirm the
system's stability according to Lyapunov.

Assuming Lyapunov's function (22), where is the
error between voltage reference value and the real
voltage value on generator clamps (23):

1,
V=—-e 22
2 (22)
e=U,, —u (23)

Adding (23) into (22), and differentiating the
equation (22) will lead to:

a._,.du
dt di

Supstitution of generator voltage u = 1/uj +uq2 to
the equation (24) will lead to:

d
d_VZE.(ud.%H, . ”qj (25)

(24)

dt u dt < dr

From the generator's vector diagram (fig 12),
voltages u, 1 u, can be calculated:

x
u, =U, -sin(5)-—~ (26)
X, +X,
u,=E," iz +U, -cos(5)- aZi (27)
X, +Xx, X, '+x,
respectively:
x
gy og(s). 2
dt Cox, +x, dt
! (28)
X
=U, 4 .cos(d) o, Aw
x, +x,
du _qu' X,
dt dt  x,'+x,
~U, -sin(0) )'Cd L)
x,+x, dt (29)
1 X
=— (E,—-i -x,)—=
7, ( r “d) X, '+x,
~U, -sin(5) a% o, A
X, +Xx,
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Adding the equations (28) and (29) to the equation
(25) will lead to:

dv e{ X,

U, cos(d)o,Aw
dt ul "x,+x, ‘

1 g%
q Tdo' f xd |+xe
1 e

— i,x
d
T, 7 X, '+x,

U, sin(5)a)SAa)H

+u
(30)

+u

1
Xq

x,'+x,
Control rule has been selected:

X, +x, L[Kle

X, u,

X
U, cos(d)w,Aw

E, = -T,'

+K,u,

X,

1 X
y e
+K3uq[—T X,y

do

€2))

|l
Xa

U, sin(5)a)SAa)ﬂ

'
Xy +xe

where K;, K, i K; are parameters which force
Lyapunov's function differentiation to be negative at
every generator work point.

Implementing control rule (31) into the equation
(30) will lead to:

av : X
—= —Kle—+E u,——U, cos(d)-
dt u o oul " x,+x, (32)
.o Ao(1-K,) +u,Y(1-K,)]
where:
1
Y= ——ix,,—F
T,," X, '+x, (33)
— U, sin(d)o,Aw
x,+x,

In order for the system to be stable according to
Lyapunov, the following must be valid at every

.. dr . .
generator work point: 7 <0. It is obvious from
t

2
the first part of equation (32) that —Kle—< 0 is
u

valid for any K, >0 (generator voltage u >0 at
every generator work point), whereas the second
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part depends on Aw, &, u, and u,. If the

differentiation of Lypunov's function (32) is to be
negative, the following equation must be valid:
2
e e X
-K, —+—|u, d
U u X, +X,

.0, Aa(1-K,)+u,Y(1-K,)|<0

U, cos)- .

During smaller disturbances synchronous generator
speed is approximately equal to synchronous speed,

ie. Aw~0, and with the selected K, =1 this

means:
dv e’
—~-K,—<0
dt u
Although it has been assumed that Aw = 0, the
simulation results stated in the following chapter
show that the work of the presented control
algorithm, the structure of which is shown in figure
15, is satisfactory even in cases of larger
disturbances.

(35)

4.2 Comparison of the conventional and
nonlinear control structure

Figures 13, 14 and 16 show the comparison of the
implemented conventional and nonlinear control
structure for generator reference voltage change
from the initial value of 1 p.u. to the value of 0,8
p.u.; for mechanical power change from 0.5 to 0.8
p.u. and then back to 0.5 pu at generator voltage 0.9
p.u.; and for a short circuit on the one transmission
line. Presented results showed that the nonlinear
control structure achieves better performance than
conventional control structure.
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Fig. 13 Synchronous generator's responses for Fig. 14 Synchronous generator's responses for
voltage reference change for implemented PI control mechanical power change for implemented PI
structure and nonlinear control structure control structure and nonlinear control structure
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Fig. 15 Nonlinear voltage control structure
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Fig. 16 Synchronous generator's responses for short
circuit on transmission line for implemented PI
control structure and nonlinear control structure

5 Conclusion

DSP based simulator in real time enables faster
processes of engineering, implementing and
verifying control algorithms not only for the voltage
control system of a synchronous generator, but also
for other systems able of having mathematical and
simulation models. The engineering of control
algorithms is based on block programming, so the
program code is automatically generated, translated
and downloaded into the DSP using Real Time
Workshop and Matlab Embedded Link IDE CC.
The simulator verifies the control algorithm by a
simulation in real time, where the simulated model
of the controlled system is performed on a PC. This
paper shows a comparison in the case when both the
system model and the control structure are
simulated and for a case when the model is
simulated on a computer and the control structure
implemented in the DSP. It has been concluded that
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in the case when the control structure implemented
in the DSP there is a 0,8ms time delay. Also, the
implementation of a conventional and a nonlinear
synchronous generator voltage control structure has
been presented. These methods were tested in the
cases of voltage reference change, mechanical
power change and the case of a short circuit on the
transmission line. The nonlinear structure has shown
better results as the conventional structure.

List of symbols

u d-axe component of the generator
d terminal voltage

u g-axe component of the generator
q terminal voltage

u, excitation voltage

U infinite busbar voltage

y d-axe component of the infinite
sd busbar voltage

u g-axe component of the infinite
54 busbar voltage

i d-axe component of the generator
d stator current

i g-axe component of the generator
i stator current

[ ’ field current

i d-axe field damper current

iQ g-axe field damper current

r generator stator resistance

ry excitation resistance

r, d-axe damper resistance

o g-axe damper resistance

@ generator rotor speed

@, synchronous speed

¥, d-axe flux linkage

‘Pq d-axe flux linkage

b4 P field flux linkage

Y, d-axe field damper flux linkage

‘PQ g-axe field damper flux linkage
X, d-axe synchronous reactance
X, g-axe synchronous reactance

X field reactance

Xp d-axe damper reactance

X g-axe damper reactance

x,' d-axe transient reactance
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X,a armature reaction reactance
X, =X, +x, transformer and transmission line
reactance
r=r 4, transformer an(.i transmission line
e resistance
o rotor angle
m, mechanical torque
m, electromagnetic torque
Do mechanical power
D, electromagnetic power
T, mechanical time constant
E q' g-axe component of transient EMF
Ef field voltage
Appendix A
The synchronous generator's rated parameters are:
Voltage 400 V
Current 120 A
Power 83 kVA
Frequency 50 Hz
Speed 600 r/min
Power factor 0,8
Excitation 100 V
voltage
Excitation 118 A
current
Appendix B
Controllers’ parameters are:
Voltage controller
Kp 10
Ki 15
Excitation current controller
Kp 10
Nonlinear controller
K1 50
K2 -7
K3 1
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