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Abstract—This paper analyzes the performance and power
losses of 2.1 MVA conventional STATCOMs and STATCOMs
with energy storage (ESTATCOM), in electric arc furnace
applications. The research was conducted by computer
simulations with Matlab Simulink software. According to the
simulation results load compensation reduces the required
current rating of the supply grid transformer and cables by
approximately 30 %, and the maximum drop of the reference
point (RP) voltage to 2 % compared to 15 % caused by the noncompensated case. The conventional STATCOM attenuates the
RP voltage flicker by a factor of 5.9 and the ESTATCOM by a
factor of 11.7. The voltage source converters (VSC) of both
compensators could be designed for the same rated current,
despite the active power compensation capabilities of the
ESTATCOM. The system losses are minimized when a 3-level
VSC is used instead of a 2-level VSC, and the compensating
device is connected to the lowest studied network voltage of
690 V. The energy storage system losses are minimized when the
energy storage is connected to the dc link using two separate
DC/DC converters instead of a large single converter. This
occurs because the system converters can be implemented with
IGBTs of lowest rated voltage.

I.

INTRODUCTION

Static synchronous compensators (STATCOM) are power
electronic devices used to compensate e.g. voltage sags,
voltage flicker, voltage unbalances and harmonics in power
systems [1–5]. A conventional STATCOM is capable of
regulating the power system voltage by exchanging reactive
power with the network. The integration of energy storage
(ES) enables the device to exchange also active power with
the network (ESTATCOM), which is beneficial in cases
where power quality problems are caused by the fluctuating
active power, especially in weak networks [6], [7].
This paper presents a performance analysis of 2.1 MVA
conventional STATCOMs and ESTATCOMs in electric arc
furnace (EAF) applications. The systems are compared in
terms of supply current compensation capabilities, reference
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point (RP) voltage amplitude and flicker compensation
properties, likewise the required current ratings of the
compensator voltage source converters (VSC). In addition, the
influence of the network voltage level, VSC topology, and ES
integration on the system losses is analyzed. The research was
performed using computer simulations with Matlab Simulink
software.
Section II presents an overview of the non-compensated
(NC) EAF system, as well as the compensator configurations
studied and their control systems. Section III presents the
criteria used for analyzing the system performances, and the
simulation results. Finally, conclusions are drawn in
Section IV.
II.

SYSTEMS STUDIED

A. The Non-Compensated EAF System
A typical EAF installation is presented in Fig. 1a. The
nominal power of the EAF is 100 MVA. It is connected to a
33 kV distribution feeder with the transformer TEAF, which has
the short circuit power of 1000 MVA with an impedance X/Rratio of 5.4. When high rapidly varying and unbalanced
currents are drawn through the system impedances Z1 and Z2
the voltage at the point of common coupling (PCC)
experiences heavy fluctuation, hence a compensator such as a
STATCOM is connected to the RP in parallel with the load.
In 100 MVA-class applications the compensation system
consists of several smaller compensation units connected to
the RP. This study focuses only on the operation of a single
compensation unit with nominal power of 2.1 MVA. This
leads to the reduced system presented in Fig. 1b, in which the
nominal power of the EAF has also been reduced to 2.1 MVA.
In addition, the 220 kV transfer network of Fig. 1a has been
assumed to be stiff, i.e. Z1 = 0. The supply grid short-circuit
power is 21 MVA, and the systems were studied with grid
line-to-line voltages of 2 kV, 1 kV and 690 V. The grid
inductances Lgrid and resistances Rgrid are presented in Table I.
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PCC
220 kV

~

TABLE I. SUPPLY GRID INDUCTANCES AND RESISTANCES

TEAF:
220kV/33kV
Sk 1000 MVA
X/R-ratio 5.4

Supply voltage

100 MVA
Z2

RP

Z1
Tcomp:
33kV/
2kV

2 kV
1 kV
690 V

EAF
100 MVA

Supply grid
Sk 21 MVA
X/R-ratio 5.4

~

2.1 MVA
Rgrid

Lgrid

RP

2 kV
1 kV
690 V

EAF
2.1 MVA

Compensator

(b)

Resistance Rgrid
[mΩ (p.u.)]
35 (0.02)
8.8 (0.02)
4.2 (0.02)

TABLE II. SUPERCAPACITOR BANKS OF THE ESTATCOM CONFIGURATIONS

Compensator

(a)

Inductance Lgrid
[mh (p.u.)]
0.6 (0.1)
0.15 (0.1)
0.07 (0.1)

Figure 1. (a) Typical EAF installation, (b) reduced arrangement.

B. Compensator Configurations
Figs. 2 and 3 present an overall picture of the compensator
configurations studied and their control systems. The
conventional STATCOMs consist of a shunt-connected VSC,
an LCL-filter, and dc link capacitors Cdc. These can be
upgraded to ESTATCOMs by connecting an ES to the system
dc link. The ESs are connected to the dc link with either a
single 1.1 MW bidirectional DC/DC converter, or with two
separate 0.55 MW converters as presented with the dashed
line in Fig. 3. The system dc link voltages udc are 3500 V,
1750 V and 1200 V.
The ESs are supercapacitor (SC) banks built-up of casespecific series- and parallel connections of Maxwell
BMOD0063 P125 modules for a maximum continuous total
power of 1.1 MW with maximum continuous current of 150 A
for a single module. The SC bank configurations are presented
in Table II [8], [9].
The VSC bridge topologies are either 3-phase 2-level
converters or 3-level neutral point clamped (NPC) converters

System

Modules in series

1.1 MW 2 kV
2×0.55 MW 2 kV
1.1 MW 1 kV
2×0.55 MW 1 kV
1.1 MW 690 V
2×0.55 MW 690 V

20
10
10
5
7
4

Series connections
in parallel
3
3×2
6
6×2
8
8×2

[10], [11], and the topology of the DC/DC converters is 3phase step-up/step-down with 120° interleaved PWM
modulation [12]. In this study the PWM modulators of the
converters were excluded, hence the converters execute their
voltage and current references u*VSC,abc and i*SC ideally.
Instead, in order to simulate the system power losses and
lighten the computational burden, power loss models for the
converter bridges, LCL-filters, DC/DC converter chokes, and
SC banks, presented in [9], were used.
Table III presents the passive elements of the systems
studied. Each LCL-filter was designed for maximum
compensator current icomp THD of 2 %, and for maximum
icomp,rms switching frequency ripple of 2 %. The resonance
frequency of each filter is 1620 Hz. The DC/DC converter
inductors Ldc/dc were designed for a maximum peak-to-peak
current ripple of 10 % in the SC current iSC. The SC bank
capacitances CSC and the equivalent series resistances RESR,SC
were calculated on the basis of single module parameters
CSC = 63 F and RESR,SC = 18 mΩ, found in the manufacturer’s
datasheet and in [8], [9].
C. Compensator Control Systems
The control systems of both compensators were
implemented in the reference frame synchronized to the
positive sequence component of the RP voltage vector uRP.

TABLE III. COMPONENTS OF THE SYSTEMS STUDIED
System

Lf1
[mH (p.u.)]

Lf2
[mH (p.u.)]

Cf
[mF (p.u.)]

Rdamp
[Ω (p.u.)]

Cdc
[mF (p.u.)]

3-Level 2kV /
2×DCDC

0.1 (0.016)

0.4 (0.063)

0.12 (0.075)

1.33 (0.67)

4.8 (3.0)

3-Level 1kV /
2×DCDC

0.025 (0.016)

0.1 (0.063)

0.48 (0.075)

0.33 (0.67)

19.2 (3.0)

3-Level 690V /
2×DCDC

0.0125 (0.017)

0.05 (0.066)

0.96 (0.072)

0.17 (0.70)

40.3 (3.0)

2-Level 2kV /
2×DCDC

0.2 (0.032)

0.8 (0.126)

0.06 (0.037)

2.66 (1.33)

4.8 (3.0)

2-Level 1kV/
2×DCDC

0.05 (0.032)

0.2 (0.126)

0.24 (0.037)

0.67 (1.33)

19.2 (3.0)

2-Level 690V /
2×DCDC

0.025 (0.033)

0.1 (0.132)

0.48 (0.036)

0.33 (1.4)

40.3 (3.0)
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Ldc/dc
[mH (p.u.)]
1.6 (0.25) /
2×0.8 (0.125)
0.4 (0.25) /
2×0.2 (0.125)
0.21 (0.27) /
2×0.105 (0.135)
1.6 (0.25) /
2×0.8 (0.125)
0.4 (0.25) /
2×0.2 (0.125)
0.21 (0.27) /
2×0.105 (0.135)

CSC
[F (p.u.)]
9.45 (5900) /
2×18.9 (11800)
37.8 (5900) /
2×75.6 (11800)
72.0 (5360) /
2×126 (9380)
9.45 (5900) /
2×18.9 (11800)
37.8 (5900) /
2×75.6 (11800)
72.0 (5360) /
2×126 (9380)

RESR,SC
[mΩ (p.u.)]
120 (0.06) /
2×60 (0.03)
30 (0.06) /
2×15 (0.03)
16 (0.07) /
2×9 (0.04)
120 (0.06) /
2×60 (0.03)
30 (0.06) /
2×15 (0.03)
16 (0.07) /
2×9 (0.04)

Supply grid
Sk 21 MVA
X/R-ratio 5.4

2.1 MVA

Rgrid

2 kV
1 kV
690 V
d,q

-1

HPF
τ = 0.0318s

-

iRPq - i*
VSCq
+

+

i*VSCd

+

V
V

uRP,dq
iVSC,dq
-

Cdc

uVSC

iVSC

a,b,c
d,q

k

ildh

Lf2
iVSC

LCLfilter

θRP

u +u
|uRP|
HPF
τ = 3.18s

udc:
3500 V
1750 V
1200 V

2.1 MVA:
600 A
1200 A
1740 A

Lf1

DSOGI
FLL

2
RPq

EAF

icomp

Rdamp Cf

uRPq
2
RPd

il

RP

a,b,c
α,β

α, β

uRPd

ilq

ild

uRP

θRP

a,b,c
d,q

is

Lgrid

u

*
LCL,dq

PID
Current controller

θRP

+ u*
VSC,dq

udc

u*VSC,abc
a,b,c
d,q

i*VSCd0

- + u*dc

2

Pe
Dc link voltage controller

VSC:

3-level
2-level

DC
link

Figure 2. Conventional STATCOM configurations and control system.

Supply grid
Sk 21 MVA
X/R-ratio 5.4
Rgrid Lgrid

2 kV
1 kV
690 V
a,b,c θRP
d,q
ilq
ild
-1

HPF
τ = 3.18s
ildh

2.1 MVA
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a,b,c
α, β
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FLL
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a,b,c
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il
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i

i*VSCd
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Energy storage
systems

EAF

1250...625V
625...312.5V
500...250V

icomp

Lf2
iVSC

1250...625V
625...312.5V
500...250V

udc:
3500 V
1750 V
1200 V

2.1 MVA:
600 A
1200 A
1740 A

Lf1

Cdc

uVSC

Ldc/dc

V

V
θRP

iVSC,dq
- +

u*LCL,dq - + u*VSC,dq
a,b,c
PID
d,q
Current controller

iSC
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V

iVSC
uRP,dq

*
VSCq

+

uRP

1.1 MW or 2x0.55 MW:
450 A
900 A
1200 A

i*SC

udc

u*VSC,abc

CSC

uSC:
2500...1250V
1250...625V
875...437.5V

PI
Dc link voltage
controller

*
- u dc

uSC

+
*

- + u SC

Pe2
Supercapacitor voltage controller

VSC:

3-level
2-level

DC
link

DC/DC
converters

Supercapacitor
banks

Figure 3. ESTATCOM configurations and control system.

Because EAFs are heavy loads that draw rapidly changing
unbalanced currents from the grid, the grid synchronization
was carried out with the DSOGI-FLL, which has been proven

to be a precise and fast method for tracking the uRP angle θRP
under unbalanced grid conditions [13], [14].
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The control system of the conventional STATCOM
(Fig. 2) consists of three parts. The first part compensates the
load current imaginary component ilq to zero, which would
lead to zero imaginary power in the RP if this was the only
control objective. The second part consists of an open-loop RP
voltage controller, which outputs an imaginary current
component iRPq after high-pass filtering (HPF) the measured
|uRP|. With positive iRPq imaginary power is injected into the
grid, and the uRP increases. With negative iRPq imaginary
power is drawn from the grid, and the uRP decreases. The time
constant of the RP voltage controller HPF is τ = 3.18 s and the
gain k = 1. The third part compensates the harmonics in the
supply current is by high-pass filtering the load current real
component ild with a first order HPF with a time constant of
τ = 0.0318 s. In addition the system includes a dc link voltage
controller designed to maintain udc around its reference u*dc,
by producing the reference i*VSCd0. Finally the VSC current
references i*VSCd and i*VSCq are transferred to the current
control loop, which produces the VSC reference voltages
u*VSC,abc.
The objective of control for the ESTATCOM is to
compensate isd to the average level of ild, and to compensate isq
to zero. Thus, steady average active power is drawn from the
grid, and the RP imaginary power becomes fully compensated.
This is achieved by high pass filtering the ild with a first order
HPF with time constant τ = 3.18 s, inverting the ilq, and by
transferring the obtained references i*VSCd and i*VSCq to the
current control loop. The DC/DC converter control system
maintains the dc link voltage udc around its reference u*dc, and
the SC voltage control system maintains the SC voltage uSC
within its desired operating range under long-term operation.
III.

SIMULATION RESULTS

The following indicators were used for analyzing the
performances of the systems studied:
1) Supply transformer and cable current ratings
2) RP voltage regulation and flicker indices
3) Compensator VSC current ratings

system which injects or absorbs imaginary power depending
on the fluctuating uRP. In addition the udc control utilizes grid
active power and, hence the RP active power fluctuates more
than with the ESTATCOM. Figs. 4c–f present the d- and qcomponents of is and uRP, as well as their zoomed 3-phase
waveforms for 100 ms. The heavy unbalance in the EAF
currents is clearly visible in the 3-phase waveforms in the NC
system. The ESTATCOM compensates both the amplitude
variations and the unbalance in the currents, while some
disturbances still persist in the conventional STATCOM
currents. The RMS values of the supply currents over the 6 s
load cycle, presented in Table IV, indicate that load
compensation could reduce the required current rating of the
supply grid cable and transformer by approximately 30 %
compared to the NC system.
The maximum RP voltage drops are significantly reduced
due to compensation from approximately 15 % to around 2 %
depending on the compensator device (Table IV). The voltage
flicker indices Pst of the uRP were analyzed with a flicker meter
simulation model implemented in accordance with the
standard IEC-61000-4-15 [15]. The best flicker attenuation of
11.7 was achieved with the ESTATCOM, which is capable of
compensating the flicker very close to the threshold level for
irritating voltage flicker of Pst = 1.0 p.u. An attenuation of 5.9
is achieved with the conventional STATCOM, but the flicker
index is about twice as high (Pst = 2.07) when compared to the
ESTATCOM.
The currents of the compensator VSCs, presented in
Fig. 4g and Table IV, indicate that the RMS- and peak values
of both compensator currents are approximately equal to each
other. Thus the active power compensation does not
significantly increase the currents through the ESTATCOM
IGBTs in comparison with the conventional STATCOM.
Fig. 4h presents the ESTATCOM SC bank voltage uSC and
the individual module current. The uSC fluctuates around its
reference (2400 V) depending on whether active power is
injected or absorbed from the grid. The SC module current is
maintained below the maximum continuous rating of 150 A.
TABLE IV. SUMMARY OF PERFORMANCE INDICATORS

4) Total energy consumption
The systems were simulated with an EAF load cycle of 6 s.
Figs. 4a–h present the simulated waveforms for the
compensated systems using 3-level VSCs with network
voltage of 2 kV, and also for the non-compensated (NC)
system. In the figures the ESTATCOM waveforms are
presented in red, the conventional STATCOM in green, and
the NC system in blue. Figs. 5a,b present a comparison of the
total energy consumptions and efficiencies for all systems
studied. A summary of the performance indicators is presented
in Table IV, in which the percentual values apply to all
systems also with the voltage levels of 1 kV and 690 V.
The RP active- and imaginary powers of Figs. 4a,b
indicate that the ESTATCOM is capable of compensating
both the RP imaginary power to zero, and the active power to
the average level of the load, as discussed in Section II.C. The
conventional STATCOM imaginary power at the RP differs
slightly from the ESTATCOM, because of the uRP control
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Phase-a supply current RMS (A / % of NC)
NC

398.0 A / 100 %

STATCOM

278.0 A / 69.8 %

ESTATCOM

272.5 A / 68.5 %

Min. RP line-to-line voltage (V / % drop of UN (2 kV))
NC

1710 V / 14.5 %

STATCOM

1962 V / 1.9 %

ESTATCOM

1973 V / 1.4 %

RP voltage flicker indices (Pst / attenuation )
NC

12.21 / 1.00

STATCOM

2.07 / 5.9

ESTATCOM

1.04 / 11.7

VSC currents (Arms / Apeak / % of imax (1200 A))
STATCOM

225.3 A / 1106 A / 92.2 %

ESTATCOM

228.3 A / 1096 A / 91.3 %

LEGEND:

NC

STATCOM

(a)

(b)

(c)

(d)

ESTATCOM

(f)

(e)

(g)

(h)

Figure 4. Simulation results. (a) RP active powers, (b) RP imaginary powers, (c) Supply current dq-components, (d) RP voltage dq-components, (e) supply 3phase currents zoomed, (f) RP 3-phase voltages zoomed, (g) compensator VSC phase currents, and (h) SC voltage and module current.
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(a)

(b)

Figure 5. System (a) total energy consumptions, (b) efficiencies.

The RMS value of the current over the simulation period is
42.3 A, which depicts that the number of SC modules could be
reduced to 1/3 by still maintaining the long-term current
below the maximum continuous rating.
The total energy consumptions in Fig. 5a have been
calculated assuming that the systems would be in operation for
one hour. The efficiencies in Fig. 5b have been calculated
from
Efficiency =

Load energy
⋅ 100% .
Total energy

(1)

According to Fig. 5b the best efficiencies would be achieved
with the NC systems. In the following analysis the NC system
efficiencies have been considered as irrelevant, since the NC
system causes such severe disturbations to the supply grid
(Fig. 4 and Table IV), that the power system owner would
prohibit the use of an EAF without any compensating device.

The lowering of the network voltage from 2 kV to 1 kV or
690 V reduces the total losses of the systems and hence
increases the efficiencies. This is mainly due to the use of
IGBTs with lower rated voltage within the VSCs and DC/DC
converters, which produce significantly lower switching losses
than those with higher voltage rating [9]. The same reason
causes the systems with the 3-level VSCs to produce lower
losses than the systems with the 2-level VSCs [9]. In addition,
the losses caused by two separate DC/DC converters are
somewhat lower than the losses of a single converter [9].
Overall, the lowest energy consumptions and best efficiencies
are achieved with the systems using 3-level VSCs connected
to the 690 V network, and with the use of two separate
0.55 MW DC/DC converters instead of a single 1.1 MW
converter.
IV.

CONCLUSION

The performances of conventional STATCOMs and
STATCOMs with energy storage were analyzed in 2.1 MVA
EAF applications. The analysis was done by computer
simulations with Matlab Simulink software. The results show
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that load compensation reduces the required current rating of
the supply grid cables and transformers by approximately
30 %, and the maximum RP voltage drop is reduced to about
2 % compared to 15 % caused by the non-compensated
system. The conventional STATCOM attenuates the RP
voltage flicker index with a factor of 5.9 and the ESTATCOM
with a factor of 11.7. The VSC bridges of both compensators
could be designed for the same rated current, despite of real
current compensation. The system losses are minimized when
a 3-level VSC bridge is used, the STATCOM device is
connected to the network voltage of 690 V, and when the ES
is connected to the dc link with two separate DC/DC
converters. This is mainly due to the minimized switching
losses in the system converters.
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