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The article proposes a method of direct control of the static synchronous compensator (STATCOM) to reduce voltage
Sfluctuations due to load and supply voltage instability in distribution electric networks. The operation of the STATCOM
operating in the voltage stabilization mode of the 10 kV distribution electric network node is analyzed. The value of the
compensator EMF is obtained, which provides a stable value of the load node voltage when the consumer load conduc-
tivity changes. The specified EMF is determined by the values of the increments of the active and reactive components
of the load current, the voltage of the compensator connection node at a zero value of the STATCOM reactive current
and the parameters of the electric network. The process of voltage stabilization in the load connection node under the
condition of changes in the power source voltage and the corresponding compensator control law are analyzed, which
involves the use of such informative parameters as the current and base values of the power source voltage, network
parameters, and the voltage of the STATCOM connection node. Expressions for determining the EMF of the STAT-
COM, which provides a stable voltage at the compensator connection point and the load, as well as a zero value of the
active power in the compensator circuit under unstable load conditions, as well as changes in the power supply voltage,
are obtained. It is shown that for the efficient operation of the compensator, it is necessary to perform measurements of
the load currents and the load bus voltage. The STATCOM operation is simulated under the condition of changing the
active and reactive load of the consumer in the range of £25% and fluctuations in the power supply voltage within 2%,
which is most often observed in electrical networks. It is shown that for an average load power of 4+j2 MVA and a
stabilized voltage of 10.25 kV, the compensator power ranges from —0.57 MVAr to 2.4 MVAr. If the voltage stabiliza-
tion level needs to be increased to 10.3 kV, the compensator power rises to 2.8 MVAr. References 16, Fig. 7, Table 1.
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Introduction. Voltage quality in the power grid affects the reliability and cost-effectiveness of power
consumers, including electric drives, lighting, electronic equipment, industrial plants, and others. Rapidly vary-
ing loads present in electrical networks cause voltage fluctuations, leading to operational instability and reduced
efficiency and productivity of technological equipment [1]. Therefore, it is of great relevance to develop meas-
ures aimed at improving voltage quality in consumer power networks and, consequently, the economic effi-
ciency of industrial enterprises.

To stabilize voltage at distribution network nodes and ensure reactive power balance, numerous solu-
tions are employed, among which Distribution Static Synchronous Compensators (STATCOM) have gained
widespread adoption [2-3]. The primary advantage of a STATCOM is its rapid reactive power compensa-
tion, which allows for the mitigation of voltage fluctuations. For the effective operation of STATCOMs, it is
essential to ensure sufficient capacity and a control algorithm tailored to the specific operating conditions.

Two strategies are possible for voltage stabilization using a STATCOM: 1) measuring the voltage
and, based on its deviation from the setpoint, increasing reactive power generation; 2) measuring both load
and voltage and, based on their deviations from the reference values, increasing reactive power output. In
terms of automatic control theory, the described strategies are classified as feedback control and combined
control, the latter of which incorporates both feedback (voltage-based) and feedforward (load-based) control.

Voltage stabilization is primarily achieved through feedback control, for which advanced algorithms
have been developed, e.g., [4-9]. Notable among these algorithms are input-output linearization control [4],
adaptive control algorithms [5], robust control algorithms [6—7], sliding mode control algorithms [89], and
others. In [10-15], a combined STATCOM control strategy is employed, which involves measuring the voltage
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at the connection bus and the load current. At the same time, these studies focus on the development of various
types of feedback controllers, while the disturbance-based feed-forward control algorithm for STATCOM re-
mains insufficiently substantiated.

Combined control enables the implementation of more intelligent and 'soft' control algorithms. For
instance, a decision may be made to forgo full voltage restoration to its nominal level (which may be unfea-
sible) and instead transition to a support mode by providing a lower reactive power output [16]. However,
this raises the challenge of ensuring high-speed generation of control actions. This can be achieved by em-
ploying direct control of the STATCOM.

The objective of this work is to develop a method and mathematical models for direct control of
STATCOM for voltage stabilization under conditions of varying load power and supply voltage that lead to
voltage fluctuations.

1. Performance analysis of STATCOM in voltage regulation mode. The operation of a STAT-
COM in the voltage regulation mode of a power system bus, the equivalent circuit of which is shown in Fig.
1, is analyzed.

Complex admittances of the equivalent circuit i,. 4 Ly
branches: TI
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One of the most critical aspects of voltage stabiliza-
tion at a power grid bus is the selection of the voltage set-
point corresponding to zero STATCOM reactive current. In

[16], it is proposed to select the STATCOM EMEF based on % B
the condition:
~(0)
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1 1 Y 0’ Fig. 1. Equivalent circuit of a power
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grid load bus with STATCOM
where E(()O) is the base EMF of the power source, e.g., 10.5

kV; Y g") is the base value of the complex load admittance, e.g., the average value.
The problem of voltage stabilization at a power system node using STATCOM reduces to satisfying
two conditions:
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Voltage instability is caused by changes in load admittance or source voltage. By solving the system
of equations (3) and (4), the STATCOM EMF value can be determined, which ensures a constant voltage

level at the power grid bus for specific values of E(()l) and Y (21) .

However, our focus is on developing a high-speed STATCOM control system with control set-
points that are adjusted within the shortest possible time and remain stable across a specific range of supply
voltage and load variations.

2. Determination of STATCOM EMF for voltage stabilization under supply voltage variations
and variable consumer load. First, let us consider the feasibility of fast STATCOM tuning for load change
compensation.

The increments of the active and reactive components of the voltage drop in the transmission line
under load instability, considering the presence of STATCOM, are [10]:
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AUq, + jAU,, = (RyAly, = XoALy, + RoAL, = XAl )+ 5)
+ J(XoALy, + RyAly, + XoAly, + RoAlL, ),
where Al,,, Al,, are the increments of the active and reactive components of the load current; Al;,, Al;,

are the increments of STATCOM active and reactive current components.
The longitudinal component of the voltage drop across the transmission line determines the instabil-
ity of the RMS voltage at the network bus:

[AUG| > AU, = RyALy, — XoAlLy, + RyAlL, — XAl . (6)

The STATCOM must generate a current that provides compensation for load current instability,
while its active power must remain zero.

From the equality |AU0| ~AU,, =0, it follows that the following condition is necessary for voltage
stabilization at the network node:

R
AIlr:)(_o(Alla—i_AIZa)_AIZF' (7)
0

Given that Al,, = %A]lr and setting k =1— ﬁ&, we obtain:
1 1 4o

1 R
er:;(X_AI2a_A]2rJ' (8)
0
Substituting this expression into the expression for the transverse component of the voltage drop on
the transmission line, we obtain:

kX, X, k\ Xy X
STATCOM complex current:
E -U
 =—1—L. (10)
Ry + jX,

Hence, the expression for the STATCOM EMF is derived in terms of the increments of the network
bus voltage and STATCOM current:

where AU, is the complex value of the voltage increment at a network bus, determined by the voltage drop
increment AU,,.

Therefore, to stabilize the voltage at the network bus (AU, = AU, = 0) the active component of
the STATCOM EMF must be determined as follows:

2

0 X R R

ElazUl(a)_T1 1_[?1J '(X_OAIZa_NZVJ’ (12)
1 0

while to ensure zero active power for the STATCOM, which is conditioned by the equality AU, =AU,,,
the reactive component of the STATCOM EMF must be formulated as follows:

2R, (R
E, ~UY + AU, + 21| 22 AL, —AL, |. (13)
kX,

Let us consider the possibility of compensating for supply voltage variations.
In [16], it is proposed to implement STATCOM control for supply voltage variation compensation
using the following formula:
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L . X
£ =0 + [ _Eo)'[—Xl +J61}, (14)
0

where the informative parameters are the current value of the power supply voltage Eo . Its value can be de-
termined using expression Eo =U, 1+ (Ro + j X, )I 0-
The value of ¢ can be determined by solving the system of equations (3) and (4) for two values E(go)

and E(()l) with respect to El(l) and using expression:
Im(El(o) )— Im(El(l) )

q= ] (15)
E(() ) _ Eé )
From Equation (3), it follows that:
E=U0e B0 Lo Lo (16)
=1 =1

where Ay, is the initial phase angle increment of voltage U, | relative to U. 1(0) due to the increase in the com-

pensator current.
Applying Euler's formula and considering that cosAy, =1, we obtain:

£=00 (£ - ) s j(w 4 EO %Jsin Av. a7

=1 =1

To determine sin Ay, the approximate expression sinAy, ~ (X ,-Re(/)+R, -Im(il))/ |Ul(°)| can be
used, however, employing this expression or the relation sin Ay, (X, R, / X, +R,)- ‘il‘ / ‘U fo)‘ is problem-
atic due to the lack of a priori information regarding the STATCOM current, as well as the significant influ-
ence of sin Ay, on the imaginary component value. At the same time, the difference between the values of
the real components calculated by formulas (14) and (17) is negligible.

Thus, equations (12)—(14) describe the proposed method for mitigating voltage fluctuations at the
STATCOM point of common coupling under conditions of load and supply voltage instability in distribution
networks.

Equations (12) and (13) can be simplified without significant loss of accuracy by neglecting the
Al,, component in expression (5), assuming that the STATCOM current leads the voltage U; by a phase
angle of o=mn/2:

AUOa'{_jAUOr z(ROAIZa_XOAIZr_XOAIlr)-F (18)
+ J(RoALy, + XoAlLy, + RyAlL ),

Then, expression (9) for the transverse component of the voltage drop on the transmission line takes
the following form:

2
To stabilize the voltage at a network bus in the event of load instability, the expression for the real
component of the STATCOM EMF can be formulated as follows:
R
By szS)—Xr(X_OMZa—Mzrj, (20)
0

and to ensure zero active power of the STATCOM, the imaginary component of the STATCOM EMF is de-
fined as follows:
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2
R R
Ey, = Uy, + X 1+(X_OJ 'A[Za"'Rl(X_OA]Za_NZrJ:
0 0
(21)
Ry
=Uy, + X0+X—(R0+R1) Al = RIAL,..
0

3. Modeling of STATCOM operation under conditions of variable load and supply voltage in-
stability. The STATCOM operation was simulated under the following conditions: a load with an average
power of P,=4 MW and (,=2 MVAr varies within the range of (0.75+1.25)P, and (0.75+1.25)0,, respec-
tively. The load is supplied by a 110/10 kV, 10 MVA power transformer with a short-circuit voltage
=10.5%. The STATCOM coupling transformer is rated at 2.5 MVA, u=5.5%.

Fig. 2 shows the network bus voltage and STATCOM EMF as functions of load variations at a
supply voltage of 10.5 kV for two grid operating modes: the first, where the active load varies within the
range of (0.75+1.25)P,, while the reactive load remains constant; and the second, where both active and reac-
tive loads vary within the ranges of (0.75+1.25)P, and (0.75+1.25)0, respectively.

The voltage wvariation range in both U;(P) and U;(P,0) modes is identical, spanning

10.25+10.253 kV, which corresponds to an instability coefficient kjns—=(AU/Upom)100%=0,03%. The
STATCOM EMF varies within 52 V under ac-

tive load changes only, and within 273 V under ;s
combined active and reactive load variations. g5

The variation characteristic is linear. 1045
The STATCOM  reactive  power 104

: . . . . E\(P20n)
generation/absorption process is illustrated in 1035 o
Fig. 3. Under varying consumer active load, the 103 UiP) ?H(Pz-Qz) \

reactive power regulation range is within -103 to 1%
110 kVAr. Under varying active and reactive '°?
load conditions, the reactive power variation ‘%"
range is -573 to 580 kVAr. The range of active

4 ULEL kV

101

power generated/consumed by the STATCOM ™%, 0.85 095 108 115 125P,.0,, ;
under varying consumer active load is between

13 kW (generation) and 12 kW (consumption), Fig. 2. Plots of load bus voltage and STATCOM

and under variable consumer active and reactive EMF for a 10.5 kV source voltage

power, it ranges from 13 kW (generation) to
4.8 kW (consumption).

A study was conducted on the impact of supply voltage instability on the voltage stabilization proc-
ess at the load connection node. For comparison, Ar
the simulation was performed at a supply voltage 01 VA
of 10.3 kV, as previously, under two operating &0
modes: with variable active node load, and with 44
variable active and reactive consumer loads.

The voltage wvariation range in both
U,(P) and U,(P,Q) modes is similar to the previ-
ous case: 10.249+10.256 kV (Fig. 4). Mean-

QI(P2~QE)

while, the STATCOM EMF continues to vary 1 e 7 P e
within approximately the same range: within PP
60 V under consumer active load variation, and
within 291 V under combined active and reactive
load variation. -800
Under variations in the consumer’s ac- Fig. 3. Active and reactive power genera-
tive load and combined active/reactive load, the tion/consumption curves of the STATCOM
compensator’s reactive power range shifted to at 10.5 kV supply voltage

1671+1908 kVAr and 1188+2391 kVAr, respec-
tively (Fig. 5). Simulation results showed that the active power range generated/consumed by the STATCOM
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under variable consumer active load varies from
8 kW (generation) to 5 kW (consumption). Under
variable active and reactive power conditions, this
range is between 5.6 kW (generation) and 4.3 kW
(consumption).

Thus, by applying the STATCOM
control laws (10)—(14), voltage stabilization at
the considered power grid node can be achieved
with the following compensator power
variations: 200 kVAr per +25% change in active
load and 1200 kVAr per 2% change in supply
voltage.

The STATCOM EMF magnitude can be
increased proportionally. In this case, the value
of g remains the same as in the previous sce-
nario. For example, if the reactive power genera-

10,

10,

10,

10,

10,

v Ev
9

8

;LQZJ/
\

E\(Py)

7

6

5

U(Py)
\

Ui(P2,0n)

-

1,25 Po.0s. pu.

0,85 0,95 1,05 1,15

Fig. 4. Plots of load bus voltage and STATCOM EMF
for a 10.3 kV source voltage

tion increases by 450 kVAr, the voltage variation range for both load conditions, U;(P) and U;(P,Q), will be

identical at 10,3+10,303 kV, which is slightly
higher than in the previous case.

The reactive power variation range of
the compensator in both U;(P) and U,(P,0)
modes is  within 350571  and
128+1049 kVAr, respectively (Fig. 6).

The active power operating range of the
STATCOM under varying consumer active load
conditions spans from 12 kW (generation) to
10 kW (consumption), while under varying active
and reactive consumer power, the range is be-
tween 11 kW (generation) and 2.7 kW (consump-
tion).

Simulations were also performed at a
supply voltage of 10.3 kV in two modes: under
variable active bus load, and under variable
active and reactive consumer loads. The
voltage variation ranges in both modes, U(P)

Ap, 1w
01 kVAr

O\(P2.0n)

OnlPs)

Py(Py) Py(Py.0h)

-
-

0,85 0,95 1,05 1,15 1,25 Po,0h, pa.

Fig. 5. Active and reactive power genera-
tion/consumption plots of the STATCOM
at 10.3 kV supply voltage

and U,(P,Q), are close to the previous case: 10.299+10.306 kV.
The reactive power adjustment range of the compensator for U;(P) and U,(P,Q) is within 2132+2378
kVAr and 1641+2869 kVAr, respectively (Fig. 7).

Simulation results showed that the
range of active power flow through the STAT-
COM under varying consumer active load is
between 8.5 kW (generation) and 1.3 kW (con-
sumption), while under varying active and re-
active power, it ranges from 1.9 to 8.5 kW
(generation).

The comparison table presents the ob-
tained results, which indicate that in the con-
sidered power system node, an increase in re-
active power (; by approximately 450 kVAr
leads to a 0.05 kV increase in voltage U,.

Conclusions.

The operation of a STATCOM in the
voltage stabilization mode at a power grid bus
has been analyzed. A control method is pro-

72

1200

1000

800

600

400

Ap, kw
01 kKVAr

y/ 125 P;._Qz;u.
Fig. 6. Active and reactive power generation/consumption
curves of the STATCOM during an EMF increase

at a supply voltage of 10.5 kV

0,85

0,95 1,05 1.15
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posed that involves determining the compensa- Ap, 1w

tor's EMF based on the increments of the active ., |

and reactive load current components, as well as

the base voltage at the load bus, derived from 3000 [

the supply source base voltage. The simulation 230

of the synchronous condenser operation was mo oitPy)

conducted using the proposed mathematical _

models under conditions of active load power of

4 MW £25%, reactive load power of 2 MVAr '®°

+25%, a STATCOM transformer rating of s PA(Py) Py(P..OY)

2,5MVA, and supply voltage variations from -

10.5. 1§V . to 10.3kV. To ensure voltage 5000;75 0.85 0.95 105 115 125 PO, pu

sablaion s 102943, Sompenstors 1+ g7 rATcOM e e pves s

2.4 MVAT. ‘uon/consump‘ilon1 Stgr\lfgj n calse of la;n EMF increase

To increase the stabilized voltage level et SUPPTy vOTiage

at the load bus, the base voltage at the STAT- -

COM point of common couplingg was increased. | £0-KV Qi(P), KVAT | Ou(P.0), kVAr U, kv

This voltage is calculated using parameter ¢, 10.5 -103+110 -573+580 10.250+10.253

which, in turn, is determined by the EMF values 10.3 1671+1908 11882391 10.249+10.256

of the compensator and the power supply. In this 10.5 350+571 ~128+1049 10.300+10.303
10.3 2132+2378 1641+2869 10.299+10.306

case, to maintain a stable load voltage of 10.3

kV, the STATCOM output increased by 450 kVAr, ranging from -0.13 to 2.87 MVAr.
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YK 621.316

METOJ IPAMOI'O KEPYBAHHSI STATCOM 3A1JI51 SMEHIIEHHSA
KOJINBAHDb HAITPYTU Y BY3JIl HABAHTAKEHHS PO3IIOAIIBHOI MEPEXKI

M.MH. Byp6eno, 10KT. TexH. Hayk, O.B. BaGenKo, kan1. TeXH. HayK
Binnunbkuii HanioHaTbHUMN TexHiYHMIl yHiBepcuUTeT,

BYJI. XMeJbHUIIbKe moce, 95, Binnuns, 21021, Ykpaina.
E-mail: burbelom@ukr.net; oleksij babenko@ukr.net.

3anpononosano memoo npamozo Kepy8auHs cMamuyHum cunxpourum komnerncamopom (STATCOM) 3a0n5 3meHuenns
KONMUBAHb HANPY2U BHACTIOOK HeCMAaOilbHOCME HABAHMAICEHHST MA HANPYSU HCUGIEHHSL 8 PO3NOOLIbHUX eIeKMPUUHUX
mepedcax. Ilpoananizosano pooomy STATCOM, axuu npaytoe 8 pexcumi cmabinizayii nanpyau 6y3id po3noodilbHoi
enexmpuynoi mepeoici 10 kB. Ompumano snavenns EPC xomnencamopa, sixa 3abesneuye cmabinvhe 3Ha4eHHs Hanpyeu
8Y3/10 HABAHMAIICEHHS 30 3MIHU NPOBIOHOCMI HAgaHmadcenHs cnodcusaya. Brazana EPC eusnayaemuvcs 3a 3naueHHs-
MU NPUPOCMIE AKMUBHOI Ma PeaKmMUuBHOI CKIAO0BUX CMPYMY HABAHMAIICEHHS, HANPY20Il0 8Y31d NPUEOHAHHST KOMNEH-
camopa 3a HY1b06020 3HaueHns peaxmuenozo cmpymy STATCOM ma napamempis enekmpuyHoi mepedici.
Ilpoananizosano npoyec cmabinizayii Hanpyeu 6 3l NPUCOHANHHS HABAHMANCEHHSL 34 YMOBU 3MIH HANpYyau O0icepeid
JHCUBTIEHHS MA BIONOGIOHULL 3AKOH KEPYBAHHS KOMNEHCAMOPOM, WO nepeddaiae UKOPUCIAHH MAKUX IHOOPMAMUSHUX
napamempis sk nomoune ma 6a308e 3HAYEHHs. HANPY2U 0XHcepea HCUBTEHHS, NAPaAMempu Mepedici, a MAaKodiC Hanpyaa
sysna npueonanua STATCOM. Ompumaro eupasu 3a0na eusnavenns EPC STATCOM, axa 3abesneuye cmabinbHy
Hanpyay 8y3id NPUCOHAHHI KOMNEHCAMOPA | HABAHMAIICEHHS, A MAKONC HYIb0Ge 3HAYEHHS AKMUBHOI NOMYICHOCTI 6
KOJI KOMREHCAmopa 3a HeCmabiibHO20 HABAHMAICEHHS,  MAKOJIC 3MiH Hanpyau Oxcepena scueienns. [lokazano, wo
3a015 eexmugHoi pobomu KoMneHcamopa HeoOXiOHO 30IlCHIO8AMU BUMIDIOBAHHA CMPYMI8 HABAHMANCEHHA Md
Hanpyau 8y3ia HasawmadceHus. Buxonano moodeniosanus pobomu STATCOM 3a ymosu 3miHu aKmueHozo ma
PEeaKkmuHo20 HABAHMACEHHs cnodxcugada y dianasoni +25% i KonusanHsa nanpyau oxcepena HcusieHHs 8 mexcax 2%,
Wo Haubitbwl yacmo cnocmepicacmocs 6 elekmpuunux mepedcax. Iloxazano, wo 3a cepedHboi NOMYHCHOCMI
nasanmadicenusi 4+j2 MB-A i cmabinizoeanoi nanpyeu 10,25 kB nomyscricms KoMnencamopa 3Haxo0umsCs. 8 MeNcax
6i0 -0,57 MBAp oo 2,4 MBAp. 3a neobxionocmi nioguwenns pieHs cmabinizayii nanpyeu 0o 10,3 kB nomyosicnicme
Komnencamopa 3pocmac 0o 2,8 MBAp. bion. 16, puc. 7, tabax. 1.

Knrwouoei cnosa: crarnunnii cuaxpoHuuid komnencarop (STATCOM), npsiMe kepyBaHHsI, peakTHBHA IOTY>XKHICTb, CTa-
Oinmizarist HaPyTH.
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