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1 Introduction

This test system is intended as a first step before tackling the official ABB
Case study models. It is intended as an aid for non-power systems engineers
to get acquainted with the dynamics of voltage collapse or to design alternative
control schemes for the tap changer or load shedding. Because of it’s simplicity,
a detailed mathematical model can easily be derived.

2 Example System

A single load, single on-load tap changer (OLTC) system such as shown in Fig. 1
is considered. The example system represents a distribution bus fed through
a tap changing transformer and a transmission system equivalent. To increase
transfer limits, the distribution system has been compensated by a capacitor
bank. Although simple, the system contains most of the principal components
which affect voltage behaviour, especially after line fault or under heavy load
conditions. Parameter data can be found in the Modelica code in Appendix A.

2.1 Open Loop System: Load and Network

Focusing on tap changer dynamics and therefore on a slower time scale (below
~ 0.1 Hz) than the one relevant to generator dynamics, the generator bus is
modelled as an ideal voltage source. The load is modelled as an exponential
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Figure 1: Example power system studied.

recovery load according to Karlsson and Hill (1994)

Ty = *%+Po(v%—v°“) (1)
Py = (1—k)(zp+ Pov™) @)
Tq = _;;“_Z"‘Qo(vﬁs—vﬁt) (3)
Qi = (=K@ +Qu™) )

where v®¢ is the steady-state and vt the transient voltage dependency. P, is
the actual active load power, Py the nominal® active power consumption and
T, is the active power recovery time constant. For the reactive load power,
a similar model is used with corresponding characteristics v%, v” and time
constant T,. The transmission network is modelled as a pure reactance in series
with an ideal transformer. The factor (1 — k) has been introduced as a scale
factor on the load power to model load shedding.
The reactive production by the capacitor bank can be written

Qeap = BV? (5)

Using basic theory, we can derive the following formulas for the active and
reactive power supplied to the load by the transmission line and transformer?
(Glover and Sarma, 1994)
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Combining the load dynamics (1)-(4) with power balance equations at the load
bus (6)—(7), the model can be written in the differential-algebraic (DA) for

& f(z,y,u) (®)
0 = g(a:,y,u) (9)
where x = [z, 747 is the dynamic state vector, y = [v 6]7, containing the

voltage amplitude and phase at the load bus, is the algebraic state vector. The

Inominal power is the power consumed by the load in steady-state at 1 p.u. voltage
2note that the voltage on the primary side of the transformer is (v/n)



input vector is u = [n k X]T. The tap ratio n is limited to then interval 0.8
1.2 p.u. with steps of 0.02 p.u. and the load shedding input is limited to the
range 0-0.15 p.u., with steps of 0.05 p.u. The line reactance X, which normally
would be considered as a parameter is here used as a (measurable) disturbance
input that model the outage of a transmission line. With the value X=0.25 p.u.,
the impedance corresponds to two parallel transmission lines in operation and
with X=0.5 p.u. to the case when one of them is faulty.
For the example system in Figure 1, functions f and ¢ can be written as

—7% + Po(v® —v™)
| T | 10
f(il: y) [ -7 +Q0(vﬁb —’Uﬁt)) ( )
B % sind + (1 72143)(:0,, + Pyv*t)
g(x?yﬂu) - |: _% cosd + ngiX — BOU2 + (1 — k)($q + QO’Uﬁt) (11)

2.2 Primary Control Systems: OLTC Model

The conventional OLTC control is a simple incremental control with a time
delay and a deadband. The size of the dead zone sets the tolerance for long term
voltage deviations and the time delay is primarily intended for noise rejection.
Detailed descriptions of OLTC control systems can be found in (Sauer and Pai,
1994).

The typical non-sequential OLTC control system can be modelled by the
state graph of Fig. 2. The system remains in the state wait while the voltage
deviation (v — v,.|) is less than the function voltage (Ugunction). When the limit
is exceeded, a transition to the state count occurs. Upon entering count, a timer
is started and is kept running until either it reaches the delay time T}, causing a
transition to the state action, or if the voltage deviation becomes less than the
reset voltage (Ureset), firing a transition to the state wait and reset of the timer.
When entering the state action, a control pulse to operate the tap changer is
given. After the mechanical delay time (7T),), the tap operation is completed.
The control system then receives ready signal from the tap changer and returns
to state wait. The time delay is tuned by the time delay constant Tz. The
actual time delay can then be either fixed (T;; = Ty9) or inversely proportional
to the voltage deviation (Ty ~ Tyo/|v — vy]).

For agreement with Sauer and Pai (1994), function and reset voltages have
been chosen to be identical (Ufunction = Ureset = DB/2). Possible tap ratio
change is typically +10 — 15 % in steps of 0.6-2.5 %. Typical setting of delay
times (T}) is in the range 30-120 s, whilst the deadband (D B) is usually chosen
slightly smaller than two tap steps. The mechanical delay time (T},) is usually
in the range 1-5 s.

Several models with different types of time delay are given by Sauer and Pai
(1994). Here, we will restrict our attention to the case with constant delay time.
Parameter data can be found in the Modelica code in Appendix A.



2.3 Simplified Primary Controller Representation

To allow simpler analysis of the system an additional simplification can be be
made regarding the primary control system for the tap changer. Using a discrete
time representation of the OLTC dynamics, the tap changer controller can be
described by

n(k)+1 if (v—v,) < =DB/2 and n(k) < nmaz
n(k+1) =< n(k) if —DB/2<v<DB/2 (12)
n(k)—1 if (v—wv,) > DB/2 and n(k) > nmin

This model only gives a good approximation for constant delay time, and the
sample time of the discrete-time system should then be chosen as h = Tyo +
T Figure 5 illustrates the effect of approximating the tap changer dynamics
following a simulated line tripping (change of X from the initial value 0.25 p.u.
t0 0.5 p.u.). The response is essentially the same with the approximated version,
although the first tap changer operation is carried out slightly earlier for the
approximated version because of the periodic sampling. This approximation is
commonly used by power systems engineers (Van Cutsem and Vournas, 1998).

3 Closed Loop System Simulation

Figure 3 shows the response of the system to a simulated line tripping (change
of X from the initial value 0.25 p.u. to 0.5 p.u.) for three cases.

Firstly the open loop system as X given by (8)—(9) with n and k fixed
at their default values 1 and 0, respectively. Following the fault, the voltage
monotonically decreases until equation (9) becomes unsolvable at around time
316.8 s.

In the second simulation, the same disturbance is applied with the primary
controls enables, the input n is then generated by the state-automata in Fig-
ure 2. The load shedding input k is still fixed at 0. Following the fault, a
small voltage recovery is provided by each tap step made by the tap changer
controller. However, the tap changer control is only effective until about sim-
ulation time 250 s. Thereafter, each new step actually has a negative effect on
the load voltage. Equation (9) becomes unsolvable at around time 316.8 s.

v -v, | > ugnction T count>Ta

Figure 2: State graph illustrating function of a non-sequential OLTC control
system.
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Figure 3: Simulation results for system without primary controls (solid line),
with primary control applied (dash-dotted line) and with secondary (and pri-
mary) controls applied (dotted line).

In the third simulation, typical undervoltage load shedding relays have been
applied as a secondary control layer (a detailed description can be found in
Vu et al. (1995), and in the Modelica HTML documentation). Five percent
of the load is disconnected after time delays of 1.5,3 and 6 s, at voltage 0.8,
0.82 and 0.92 p.u, respectively. The reason for the staggering of the time de-
lay and voltage thresholds is to ensure proper selectivity when many loads are
equipped with load shedding relays. The secondary control strategy executes a
5 % load shedding at time 16 s and the load voltage and the voltage appears
to stabilize close to nominal voltage. Simulation for an extended time as shown
in Figure 4, reveals that the system experiences a stable limit cycle originating
in the interaction of the discrete tap changer dynamics and the continuous load
dynamics.

4 Conclusion

A simple test case to illustrate load-voltage dynamics in power system has been
illustrated by simulation and described in terms of equations for the complete
model. The test system model contains a generator, a transmission line and an
ideal transformer with its’ associated control system. Furthermore, an approx-
imate version of this control system has been described.
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Figure 4: Simulation result
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ABB_CC_Testcase

ABB CC Testcase.TwoNode

ABB_cc Te|aBB _cc Te|aBB cc Te|aBB cc T |aBB_cC Tel|aBB_cC Te||aBB_CC Te||ABB_cC Td||ABB_CcC Te

ABB_cC_Te{|ABB cC Té

Information

The twonode package contiant the Mdelica code for the 'mni

ABB CC Testcase.TwoNode.OpenLoop

ABB_CC Té

|ABB_CC_Testcase.TwoNode.OpenL oop|

Information

Model of the Qpen Loop mini test case built using the standard conponent library.

Modelica definition

nodel OpenLoop
Conmponent s. Sl ack G1(V0=1.05504739284515) ;
Conponent s. Bus Busl,
Conponents. Vari np L1;
Conponent s. | npedance L2( X=0.5);
Conponent s. Bus Bus2,
Conponent s. Bus Bus3;
ABB_CC Test case. Conponents. Load Load(
PO=1,
Tp=60,
Tg=60,
Q0=0. 3) ;
ABB_CC Test case. Conponents. Transf orner T1(X=le-9);
i nput I nteger LoadStep;
i nput I nteger TapStep;
ABB_CC Test case. Conponent s. Fi xCapaci t or Fi xCapaci tor 1(B=0. 2);
equation
connect (Load. T, Bus3.T);
[l L1.X=1if time > 20 then Mdelica. Constants.inf else 0.5;
L1.X =if tine > 10 then l1le5 else 0.5;
Load. step = LoadStep
T1.tappos = TapStep;

connect (G1. T, Busl.T);

file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_TwoNode.html (1 of 10) [27.03.2003 10:33:52]

U7


file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase.html#ABB_CC_Testcase
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Slack
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Bus
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Varimp
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Impedance
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Bus
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Bus
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Load
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.Transformer
file:///D|/data/EUCC/ABB%20Testcase/work/release/help/ABB_CC_Testcase_Components.html#ABB_CC_Testcase.Components.FixCapacitor

ABB_CC_Testcase

connect (L2. T1, GL.T);

connect (L1. T2, GL.T);

connect (Bus2. T, T1.T1);

connect (T1. T2, Bus3.T);
connect (Fi xCapacitorl. T, Bus3.T);
connect (L1.T1, Bus2.T);

connect (L2. T2, Bus2.T);

end OpenlLoop;

ABB CC Testcase.TwoNode.OpenLoopEq

Information

Model of the Open Loop mini test case built using direct nathematical nodelling.
This nmodel is equival ent to OpenLoop.

Parameters

Name Default Description
vO 1.05504739284515
PO 1

Qo0 0.3

BO 0.2

as 0

at 2

bs 0

bt 2

Tp 60

Tqg 60

faultTime|10

Modelica definition

nodel OpenLoopEq
/'l paraneters
paranet er Real v0=1.05504739284515;
par aneter Real P0=1;
paranmeter Real Q=0. 3;
par anet er Real BO0=0. 2;
paraneter Real as=0;
paranmeter Real at=2;
paraneter Real bs=0;
paraneter Real bt=2;
par anet er Real Tp=60;
par anet er Real Tq=60;
par aneter Real faultTi me=10;

out put Real x[2]={xp, xq};
out put Real y[2](start={1,0}) = {v,delta};
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i nput Real u[3]={n,k, X};
/'l variabl es

Real xp;

Real xq;

Real v(start=1);

Real delta;

Real k;
Real n;
Real X;
equati on

/'l vector versions
{der(xp),der(xq)} = {(-xp/ Tp + PO*(v™as - v™at)),(-xq/ Tq + Q*(v~bs - v~bt))}

{0,0} = {v*sin(delta)*v0/(X*n) + (1 - k)*(xp/ Tp + PO*v™at),-(vO*v*cos(delta))
[(n*X) + v~2/(n"2*X) - BO*v~2 + (1 - k)*(xg/ Tg + Q*v~bt)};
initial equation
der (xp) = 0;
der(xq) = 0;
end OpenlLoopkEq;

ABB CC Testcase.TwoNode.PrimaryController

Primary Control System
Information

This model nodels the primary control systens of the

four node power system

It contains a tap changer controller for transformer T1

nodel l ed as a state machine and an automatic vol tage regul ator

with filed voltage linmiter nodelled by a state nachina and a |inear
control |aw

The special equations activated by the flag SinmulinkSafe

flag are jus fixes that nust be applied to nmake the nodel sinulable with
Simulink. If you renpbdel this systemw th other tools,

use the original equations (assunme that SinulinkSafe=false)

Parameters

Name Default | Description
idle0 fase

wait0 true

action0 false
tappos0 0
timerO 0
up_limit0  |false
TapDelay |30
MechDelay |1
TapDB 0.01*3
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ABB_CC_Testcase

MaxTap |10
MinTap -10

Modelica definition

nodel PrimaryController "Primary Control Systent
par anet er Bool ean idl e0O=f al se;
par anet er Bool ean wai t 0=t rue
par anet er Bool ean acti onO=f al se;
paraneter |nteger tappos0=0;
paraneter Real timer0=0
par anet er Bool ean up_li m t0=fal se;

i nput Real TapVref(start=1);
i nput Real v(start=1);

Bool ean idle(start=idle0, fixed=true);
Bool ean wait(start=wait0, fixed=true);
Bool ean action(start=action0, fixed=true);
I nteger tappos(start=tappos0, fixed=true);
Real tiner(start=tinmer0, fixed=true);

Bool ean t oohi gh;
Bool ean t ool ow;

out put | nteger T1tappos;

paranmeter Real TapDel ay=30;
paranet er Real MechDel ay=1;
par anet er Real TapDB=0.01*3;
paranmeter Real MaxTap=10;
paraneter Real M nTap=-10;

equati on
T1lt appos = pre(tappos);
/'l tap changer control - state autonmata

toohigh = (v - TapVref) > TapDB/2;
toolow = (v - TapVref) < -TapDB/2;

idle = (pre(idle) or pre(wait)) and not (toohigh or toolow) or (pre(action)
and ((time - tinmer) > TapDelay + MechDel ay));
wait = (pre(idle) and (toohigh or toolow)) or pre(wait) and ((tool ow or
toohigh) and ((tinme - pre(timer)) < TapDel ay));
action = (pre(wait) and (tinme - timer > TapDelay)) or pre(action) and ((tinme
- timer) < TapDel ay + MechDel ay);
when wait and not pre(wait) and not initial() then
timer = tine;
end when;
when pre(action) and not action then
if toolow and (pre(tappos) < MaxTap) then
tappos = pre(tappos) + 1;
el sei f toohigh and (pre(T1ltappos) > M nTap) then
tappos = pre(tappos) - 1;
el se
tappos = pre(tappos);
end if;
end when;
end PrimaryController;
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ABB_CC_Testcase

ABB CC Testcase.TwoNode.PrimaryControlledSystem

ABB_CC Tep
|ABB_CC_Testcase. TwoNode.PrimaryControlledSystem |
Information
Connecti on of OpenLoop and Primary control systens
Parameters
Name Default | Description
faultTime |10
tapstepsize |0.02
|oadstepsize|0.05
Modelica definition
nodel PrimaryControl | edSystem
ABB_CC Test case. TwoNode. OpenLoopEg System
ABB CC Test case. TwoNode. Pri maryControl |l er PrinCon;
par aneter Real faultTi me=10;
par anet er Real tapstepsize=0.02;
par amet er Real | oadstepsize=0. 05;
i nput Real LoadStep;
equation
Systemu = {1 + tapstepsize*PrinCon. Tlt appos, LoadSt ep*| oadst epsi ze,if time >
faultTime then 0.5 el se 0. 25};
PrimCon.v = Systemyv;
Pri mCon. TapVref = 1;
end PrimaryControll edSystem
ABB CC Testcase.TwoNode.ClosedLoop
ABB_CC Tep

Information

Connection of OpenLoop and Primary control systenms with no secondary control.

Modelica definition

nodel C osedLoop

ABB_CC Test case. TwoNode. Pri maryControl | edSyst em Syst em
equation

System LoadStep = O;
end Cl osedLoop;
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ABB_CC_Testcase

ABB CC Testcase.TwoNode.ClosedLoop?2

|ABB_CC_Testcase. TwoNode.ClosedL oop2 |

Information

Connecti on of OpenLoop and Primary control systens with secondary control using
undervol t age | oad sheddi ng rel ays.

Modelica definition

nodel C osedLoop?2
ShedRel ay Rel ay1(
Thr eshol d=. 8,
Del ayTi ne=1. 5,
ShedAnount =. 05) ;
ShedRel ay Rel ay2(
Thr eshol d=. 82,
Del ayTi ne=3,
ShedAnpunt =. 05) ;
ShedRel ay Rel ay3(
Del ayTi ne=6,
ShedAnmpunt =0. 05,
Thr eshol d=. 92);
equation
Rel ayl.u = System Systemv;
Rel ay2.u = System System v;
Rel ay3.u = System System v;
System Systemk = Relayl.y + Relay2.y + Relay3.y;
public
ABB CC Test case. TwoNode. Pri maryControl | edSyst em Syst em
end C osedLoop2;

ABB_CC Tl

L°2)

ABB CC Testcase.TwoNode.NoControl

TwoNode TestCase without primary controls

|ABB_CC_Testcase. TwoNode.NoControl |

Information

This is a nodel of the twonode testcase, where no primary control systens has been
connect ed.
Instead the tap ratio is fixed at 1 p.u. and the |oad shedding input at 0 p.u.

A fault on the the line is nodelled of the change of the line inpedance fromO0.25 to
0.5 p.u. at
time 10 s.

Parameters
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ABB_CC_Testcase

Name Default

Description

faultTime|10

Modelica defi

nodel NoContr ol
par anmet er Real

nition

"TwoNode TestCase without primary controls”
faul t Ti me=10;

ABB_CC Test case. TwoNode. OpenLoopEg System

equati on

Systemu = {1,0,if tinme > faultTime then 0.5 el se 0. 25};

end NoControl;

ABB CC Testcase.TwoNode.ShedRelay

|ABB_CC_Testcase. TwoNode.ShedRelay |

Information

Standard | oad sheddi ng rel ay.

Parameters

Name Default | Description

Threshold 0.95

DelayTime |1

ShedAmount |0.05

Modelica definition

cl ass ShedRel ay
ext ends Mbdeli ca. Bl ocks. I nterfaces. SI SO

par anet er Real
par anet er Real

par anet er Real
di screte Real

Model i caAddi

Thr eshol d=0. 95;
Del ayTi nme=1;

ShedAnount =0. 05;
tinmerstart(start=-1, fixed=true);

Model i caAddi

tions.PetriNets. Transition T1;
tions.PetriNets. Transition T2;

Model i caAddi

tions.PetriNets.Placel2 del ay;

tions.PetriNets.Place2l wait(initial State=true);

Model i caAddi tions. Petri Nets. Transition T3;
Model i caAddi
equation

connect (del ay.inTransition, T1.outTransition);

connect (T3.inTransition,

del ay. out Transi ti onl);

connect (del ay. out Transition2, T2.inTransition);

connect (T1.inTransition,
connect (T2. out Transi ti on,
connect (T3. out Transi ti on,
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T1.condition
T2.condition
T3. condition

(u < Threshold) and (y < ShedAnount/10);
(u > Threshol d);
time > tinmerstart + Del ayTi ne;

when del ay. state then
tinmerstart = tine;
end when;

when T3.condition and del ay. state then
out Port.signal [1] = ShedAnount;
end when;
initial equation
wait.state = true;
del ay.state = fal se;
y = 0;
end ShedRel ay;

ABB CC Testcase.TwoNode.SimplePrimaryController

Primary Control System
Information

This model nodels the primary control systens of the
four node power systemusing a sinplified discrete-tinme approximtion

Parameters

Name Default | Description
tappos0 0

up_limit0  |false

TapDelay |30

MechDelay |1

TapDB 0.01*3

MaxTap |10

MinTap -10

Modelica definition

nodel SinplePrimaryController "Primary Control Systent
paraneter |nteger tappos0=0;
par anet er Bool ean up_li m tO=fal se;

i nput Real TapVref(start=1);
i nput Real v(start=1);

I nteger tappos(start=tappos0, fixed=true);

Bool ean t oohi gh;
Bool ean t ool ow,
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out put I nteger

par amet er
par amet er
par anet er
par amet er
par amet er

Real
Real
Real
Real
Real

equation

T1t appos;

TapDel ay=30;
MechDel ay=1;

TapDB=0. 01* 3;

MaxTap=10;

M nTap=- 10;

when sanpl e(0, TapDel ay + MechDel ay) then

/1 tap changer control

toohigh = (v - TapVref) > TapDB/ 2;

toolow = (v - TapVref) < -TapDB/2;

if toolow and (pre(tappos) < MaxTap) then
tappos = pre(tappos) + 1;

el sei f toohigh and (pre(T1ltappos) > M nTap) then
tappos = pre(tappos)

el se

t appos

end if;
end when;
T1lt appos = pre(tappos);

end SinplePri

= pre(tappos);

maryControl |l er;

sinmpl e discrete inplenentation

1

ABB CC Testcase.TwoNode.SimplePrimaryControlledSystem

|ABB_CC_Testcase. TwoNode.SimplePrimaryControlledSystem |

Parameters

Name

Default

Description

faultTime

10

tapstepsize

0.02

|oadstepsize

0.05

Modelica definition

nodel Sinpl ePrimaryControl |l edSystem
ABB_CC Test case. TwoNode. OpenLoopEg System

ABB_CC Test case. TwoNode. Si npl ePri maryControll er PrinCon;

par anet er Real
par anet er Real
par anmet er Real

i nput Real

equat i on

Systemu = {1 + tapstepsize*PrinCon. Tlt appos, LoadSt ep*| oadst epsi ze,if time >

faul t Ti me=10;
t apst epsi ze=0. 02;
| oadst epsi ze=0. 05;

LoadSt ep;

faultTime then 0.5 el se 0. 25};
PrimCon.v = Systemyv;

Pri mCon. TapVr ef

= 1;

end Sinpl ePrimaryControl | edSystem
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ABB CC Testcase.TwoNode.ComparePrimaryControls

Modelica definition

nodel ConparePrimaryControl s
ABB_CC Test case. TwoNode. Si npl ePri maryControl | edSyst em Si npl eSyst em
ABB CC Test case. TwoNode. Pri maryControl | edSyst em System
equat i on
System LoadStep = 0;
Si npl eSystem LoadStep = O;
end ConparePri maryControl s;
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