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Abstract—STATCOMs with voltage control are known for their
fast reaction time to stabilize the grid voltage. For optimal
dynamic performance it is essential to use the correct gain
settings for the PI voltage regulation controller, adapted for
different states of operation. This paper shows the equation to
calculate the accurate value for the gain setting in the voltage
controller. The inner control behavior with enabled droop control
is considered as well as the strength of the grid. After this the
influences between STATCOMs installed in parallel in one bus
is shown and the adaption of the gain to take this into account
is calculated. The equations are validated by analytic aspects
as well as by simulations. This enhances the existing control
solution in industry and allows constant dynamic performance
under various system changes in future grids.

Index Terms—FACTS, STATCOM, Voltage Control

I. INTRODUCTION

A Static Compensator (STATCOM) is a device for advanced
reactive power compensation to vontrol the voltage in the
power grid [1]. It can be used to control power factor, reg-
ulate voltage, stabilize power flow, and improve the dynamic
performance of power systems. It has been well understood
that the voltage control of a STATCOM is highly dependent
on the conditions in the grid it is connected to, especially
to system strength [2] and to other dynamical voltage con-
trolling devices. Without adapting to these conditions control
instabilities occur [3]. Other research has focused on adaptive
controller settings [4]–[6] or fuzzy control [7]. All these
control techniques lack on the calculated adjustment of the
voltage controller gain to the influences of other STATCOMs.

To prevent instabilities and to maintain optimal dynamic
performances, communications between the FACTS devices
are installed to reduce the gain of the voltage controllers
by a constant factor [3]. But this control adaption does not
guarantee constant dynamic performances. This paper shows
the calculation for the optimal gain adaption for the voltage
controller in a multiple STATCOM system. This allows to
have constant dynamic performances for different system
conditions.

II. STATCOM GAIN CALCULATION

The gain calculation for a single STATCOM installation is
determined at first. For this, the needed reactive output of a
STATCOM due to a voltage deviation is calculated. Then the
influences of other STATCOMs are taken into account as well.

A. Single STATCOM installation

The control scheme of the STATCOM voltage controller
with droop control is shown in Fig. 1. The inner current control
is not shown, it can be neglected for this analysis, due to
the slower dynamics. The reactive output of the STATCOM
is fed back to change the voltage reference value. This is
beneficial for keeping dynamic reserve in the system and to
avoid instabilities with multiple voltage controlling devices.

The proportional-integral (PI) controller of the voltage con-
troller has the form

Gain ·
(

1 +
1

TN · s

)
(1)

With this form of the PI controller is it possible to adapt
to changes in the grid strength and the Droop control. TN
has to be set according to internal time constants such as the
measurement delays. The Droop control is used to allow load
sharing between multiple units. This allows the operators to
reduce the impact of the STATCOMs under normal operating
conditions [8].

The controlled positive phase sequence grid voltage in
steady state is expressed in (2). This shows the deviation from
the reference voltage due to the Droop control.

V GRID = V REF −QSTATCOM · Droop
QNOM

(2)

Fig. 2 shows the crossing of the Grid Line (determined by
the grid strength) and the Control Line (determined by the
Droop control) in a single STATCOM system. The point of
crossing determines the operating point of the STATCOM
under steady state conditions.

The Droop control has to be taken into account for the
gain calculation, because it has a severe impact on the needed
reactive power output due to a change in the grid voltage. It
therefore changes the point of operation in the steady state. If
it is not taken into account, the step response time and settling
time of the STATCOM do not forfill the specifications for the
voltage controlling dynamics [2]. The equation for the reactive
power flow can be used to express the impact of the reactive
output power of a STATCOM to the voltage difference, that
is caused by this output.
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Fig. 1. STATCOM control scheme with Droop control.

Fig. 2. Single STATCOM System.

Q =
E · V · cos θ − V 2

X
(3)

Assumed, that the angle θ is small, the equation can be
rewritten as

Q =
E − V

X
· V (4)

This can be rewritten so that the strength of the grid is
an expression of the grid reactance X . (4) can be linearized
around a stable operating point and the gain of the PI voltage
controller can then be calculated using (5). This equation
shows the relationship between a voltage drop in the grid and
the needed reactive output change to compensate it.

Gain =
∆QSTATCOM

∆V 0
(5)

The needed change of reactive output for a voltage deviation
with Droop control consists of two terms as can seen in (6).
The first term represents the reactive output that is needed
to fully compensate a voltage deviation. The second term
represents the change of the voltage reference setpoint due
to the Droop control.

∆QSTATCOM = ∆V 0 ·SCL−∆QSTATCOM ·Droop
QNOM

·SCL (6)

After solving (6) to ∆V 0 and setting it into (5) leads to:

Gain =
1

1
SCL + Droop

QNOM

(7)

With (7) it is possible to adapt the gain of the controller
to keep the optimal dynamic performance of the STATCOM
even with changes in the control parameters or changes in the
grid strength.

B. Multiple STATCOM Installation

This section describes the adaption of the gain to the
influence of other STATCOMs.

The equation used in the industry [3] is shown in (8).

Gain =
1

1
SCL + Droop

QNOM

· 0.55 (8)

The reduction of the controller gain is done, by multiplying
a constant factor to the previously calculated gain as in the
single STATCOM system.

The voltage change due to the other STATCOM affects the
reactive output, that is needed to control a voltage deviation.

∆QSTATCOM 1 =

(
∆V 0 −

∆QSTATCOM 2

SCL

)
· SCL−

∆QSTATCOM 1 ·
Droop1

QNOM 1
· SCL (9)

(9) can also be done for the second STATCOM. By solving
the equations to the outputs of the separate STATCOMs leads
to the following two equations

∆QSTATCOM 1 =
∆V 0 −

∆QSTATCOM 2
SCL

1
SCL +

Droop1
QNOM 1

(10)

∆QSTATCOM 2 =
∆V 0 −

∆QSTATCOM 1
SCL

1
SCL +

Droop2
QNOM 2

(11)



With these equations it is possible to determine the optimal
change of reactive output of the two STATCOMs depending
on the voltage deviation in the grid even with unequal ratings
and control settings. Solving the two equations (10) and (11)
with the same STATCOM ratings (QNOM) and control settings
(Droop) entered in (5) leads to (12) as a gain for both
STATCOM units.

Gain =
1

2
SCL + Droop

QNOM

(12)

Therefore a second STATCOM changes the gradient of the
grid line shown in Fig. 3 following (12).

For this, the diagram for the STATCOM effect on the
system voltage has been redrawn to take the effect of a second
STATCOM into account. This is done by changing the slope
of the grid line.

Fig. 3. Multiple STATCOM System.

The influence of a second STATCOM is taken into account
in (6). The other STATCOM changes the voltage in the grid,
but not the reactive output that is taken into consideration in
the Droop control term. This can be seen also in [3], where the
time constant of the control system is changed according to
the droop, the grid strength and the existence of other voltage
controlling devices.

This equation is not exactly the equation, that is used in the
industry, both solutions are further analyzed in Section IV.

The gain can now be calculated for all values of the SCL
and Droop settings. The proposed equation allows constant dy-
namic performances even with changed control parameters and
grid conditions. This is shown in simulations in Section IV.

C. Not equally sized STATCOMs
If there are STATCOMs installed close to each other with

different reactive output ratings, then the equation has to
change according to the nominal reactive power to the sum
of all nominal reactive powers together.

Gain1 =
1

1
SCL · QNOM 1+QNOM 2

QNOM 1
+ Droop

QNOM

(13)

and

Gain2 =
1

1
SCL · QNOM 1+QNOM 2

QNOM 2
+ Droop

QNOM

(14)

The calculated gains in (13) and (14), that can be calculated
from (10) and (11) allow the correct control of STATCOMs
with different ratings in the same power grid. It is assumed
that the Droop control is the same in both units, because they
are installed in one power system with the same grid code. If
the Droop control set points are different, it is still possible to
calculate the optimal gain following the equations from above.

D. Multiple STATCOM Installation

With more than two STATCOMs installed at one bus, the
influence of these STATCOMs can also be taken into account
for the gain calculation. The voltage deviation that has to be
controlled by the different STATCOMs can be calculated to
get an expression for the influences of all other STATCOMs
to the individual ones. (15) demonstrates the influence of all
other STATCOMs to one STATCOM.

∆QSTATCOM 1 =

(
∆V 0 −

N∑
i=2

∆QSTATCOM i

SCL

)
· SCL−

∆QSTATCOM 1 ·
Droop1

QNOM 1
· SCL (15)

The gain of the voltage controllers can be calculated follow-
ing the same calculations as for (12). Solving these equations
again with the same ratings and controller settings leads to
(16).

Gain =
1

N
SCL + Droop

QNOM

(16)

With N in (16) being defined as the total number of identical
STATCOMs in one bus. This formula is only applicable with
the same Droop control settings and ratings of all STATCOMs
installed in one bus. Different STATCOM ratings can also be
expressed and calculated with respect to (17).

Gaini =
1

1
SCL ·

N∑
i=1

QNOM i

QNOM i
+ Droop

QNOM i

(17)

This allows the constant dynamic performance of a wide
variety of possible STATCOM configurations.

III. ANALYSIS

To determine the impact of the different gain calculation
methods, an analytic approach is needed. For this, the
control system from Fig. 1 is analyzed. The filter for the
measurement of the reactive output and also for the grid
voltage is simplified to a first order low-pass filter. This slows
down the control in such a way, that the step response of
the closed loop control meets the dynamics as in a modern



transmission STATCOM installation.

The bode diagrams of the closed-loop system with the gain
reduction method as in (8), used in industry, are shown. For
this, the system is analyzed with a droop of 10 % (in Fig. 4)
and 4 % (in Fig. 5). The strength of the power system is
changed in 5 GVA steps from 0.5 GVA to 20.5 GVA in both
cases.

Fig. 4. Bode plot with SCL variations with
fixed reduction factor with 10 % Droop.

It can be seen in the lower graphs in Fig. 4 that the time
response of the system is not constant with the variation of the
grid strength. This causes unwanted dynamics in the operation
of the STATCOM system in a wide variety of grid conditions,
if there are other voltage controlling devices nearby. The droop
control affects the steady state operation point as one can see
by the deviation of 0 db in the upper graph.

With reduced droop control setpoint the system variations
in steady state are smaller than with 10 % droop. Nevertheless,
the dynamic variations are still visible and the dynamics
of the system are not constant under changing grid conditions.

Afterwards, the closed-loop behavior with the proposed gain
reduction as in (12) is analyzed. Fig. 6 and Fig. 7 show the
bode plots of the closed-loop system with the proposed gain
tuning equation. The SCL variations are the same as in the
previous analysis.

The time response of the system shown in Fig. 6 is constant
and does not change with the SCL variations. The steady state
operation point is still varying due to the different effects of the
STATCOM output to the grid voltage under droop control. The
deviations under steady state are exactly the same as in Fig. 4,
because the gain control adaption only affects the dynamics
of the control system.

Fig. 7 proves also the constant dynamic behavior of the
system under changed grid and control conditions. The steady

Fig. 5. Bode plot with SCL variations with
fixed reduction factor with 4 % Droop.

Fig. 6. Bode plot with SCL variations with
proposed gain tuning with 10 % Droop.

state operation points are again the same as in Fig. 5.

The proposed gain tuning is therefore enhancing the dy-
namic behavior of the voltage in the power grid. This system
behavior is also tested with step response tests in simulations,
to further verify the performance under more detailed condi-
tions.

IV. SIMULATION

The theoretical results have been verified with simulations
to see if the equations for the gain calculation are correct and
that they improve the dynamic response of the STATCOM



Fig. 7. Bode plot with SCL variations with
proposed gain tuning with 4 % Droop.

compared to the adaption that is used in the industry. The
dynamic response of the STATCOM control has been tested
with step response tests. For this test the reference voltage
setpoint is changed at the time 4 sec in the simulation for
all STATCOMs. All STATCOMs have identical ratings of
50 MVar and the Droop value is always set to 4 %.

The simulation is performed with EMTDS / PSCAD. The
STATCOMs are simulated with a controlled voltage source as
the converter in a delta configuration. The model includes syn-
chronization and current control. Also the positive sequence
voltage is filtered and measured for the voltage control to get
a more realistic system behavior.

The PI controller of the voltage control is tuned in a
single STATCOM condition and afterwards also tested with
the influence of a second STATCOM at the same bus.

A. Single STATCOM installation

In the first simulations the gain adjustment for a single
STATCOM installation is tested to verify (7). For this, the
STATCOM is installed with a fixed Droop setting of 4 % in
different grids.

Fig. 8 and Fig. 9 show the adaption of the voltage controller
gain to a change in the grid strength with droop control. The
dynamic response to the changed reference value is constant.
Further simulations are performed with varying control and
system conditions. The results are shown in Table I.

The simulation results in Table I show that a single STAT-
COM unit can be adapted to changes in future system strength
and droop control conditions with constant voltage control
dynamics.

Fig. 8. Single STATCOM in 5 GVA grid.

Fig. 9. Single STATCOM in 1 GVA grid.

B. 2 STATCOM installation with fixed reduction

In these simulations two STATCOMs are installed in the
same bus. The gain is reduced as proposed in industry by 45 %
compared to the single STATCOM simulations, as shown in
[3].

The simulation results in Fig. 11 prove, that with a fixed gain
reduction factor it is possible to achieve good dynamic results
with some constellations of SCL and Droop control. But the
system dynamics shown in Fig. 10 do not have a sufficient
dynamic behavior. In this case the system response is too slow.
This proves incorrect controller settings, if the gain is reduced
with a constant factor. A pure change of the reduction factor
can not be applied with respect to the other simulations results
shown in Table II. A reduced reduction factor can speed up the



TABLE I
Simulation Results with single STATCOM installation

Droop Rise Time Overshoot

1 % 25 ms 2 %

1 GVA 2 % 25 ms 3 %

4 % 26 ms 2 %

1 % 27 ms 1 %

5 GVA 2 % 25 ms 2 %

4 % 26 ms 2 %

1 % 26 ms 2 %

10 GVA 2 % 27 ms 1 %

4 % 25 ms 3 %

Fig. 10. 2 STATCOMs in 5 GVA grid.
With fixed Gain adaption as used in industry.

control in some grid conditions, other conditions in the grid
will then lead to high overshoots that are not allowed for a
stable grid operation (as in the first test result in Table II).

Table II shows the dynamic behavior of the tested setup
with the constant gain reduction of 45%. This adaption is
not sufficient under all conditions. The overshoots are in the
specified limits, due to the value of the reduction. But the
rise time increases to very high values (up to 44 ms in the
performed simulations). This method will therefore limit the
optimal dynamic operation range of the STATCOM voltage
control.

C. 2 STATCOM installation with proposed calculation

In the following simulations the proposed gain reduction is
used.

Fig. 11. 2 STATCOMs in 1 GVA grid.
With fixed Gain adaption as used in industry.

TABLE II
Simulation Results with double STATCOM installation with fixed

Gain Reduction as used in industry

Droop Rise Time Overshoot

1 % 25 ms 4 %

1 GVA 2 % 26 ms 3 %

4 % 27 ms 1 %

1 % 26 ms 1 %

5 GVA 2 % 31 ms 0 %

4 % 38 ms 0 %

1 % 29 ms 0 %

10 GVA 2 % 37 ms 0 %

4 % 44 ms 0 %

The simulation results shown in Fig. 12 and Fig. 13 prove
the correct adaption of the STATCOM controller to the influ-
ence of a second STATCOM installed in the same bus with
the proposed gain tuning. The time to reach the new steady
state operation is constant and the overshoots of the controller
are always low enough to fulfill the requirements for stable
grid operation.

The results of the dynamic analysis are shown in Table III.
It can be seen, that the proposed gain tuning method allows
to keep a constant dynamic performance, even with the
installation of a second STATCOM unit close nearby.

Also simulations are performed with different STATCOM
nominal reactive outputs. This leads to the conclusion, that
(13) and (14) are valid and enable constant system dynamics.



Fig. 12. 2 STATCOMs in 5 GVA grid.
With proposed Gain adaption.

Fig. 13. 2 STATCOMs in 1 GVA grid.
With proposed Gain adaption.

The used nominal reactive outputs used for the simulations are
50 MVar in one STATCOM and then variations in the second
STATCOMs nominal reactive power (50 MVar, 25 MVar and
10 MVar). The simulation results are not shown here, they
correspond almost to the results shown in Table III.

V. CONCLUSION

The simulations performed in this paper proves the correct-
ness of the equation for adapting the controller gain. So it is
possible to achieve optimal dynamic response to voltage devi-
ations from the STATCOM in all analyzed system conditions
with the proposed gain adaption method. The equation used
in the industry right now is not sufficient to adapt to multiple

TABLE III
Simulation Results with double STATCOM installation with

proposed Gain Reduction

Droop Rise Time Overshoot

1 % 25 ms 2 %

1 GVA 2 % 25 ms 3 %

4 % 26 ms 2 %

1 % 27 ms 1 %

5 GVA 2 % 25 ms 2 %

4 % 26 ms 2 %

1 % 26 ms 3 %

10 GVA 2 % 27 ms 2 %

4 % 27 ms 2 %

STATCOMs in a correct way. This can lead to unwanted
behavior during severe grid events.

Further investigation is needed to the influence of dis-
tances and therefore impedance between different STATCOM
units. This changes the impact of the reactive power of one
STATCOM to the measured voltage on the other STATCOM.
Therefore it affects the optimal gain that is needed for constant
dynamics. Due to the high number of possible grid configu-
rations has it not been included.
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