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ABSTRACT This paper addresses the black start of medium voltage distribution networks (MV-DNs) by a
battery energy storage system (BESS). The BESS consists of a two-level voltage source inverter interfacing
MV-DN which has limited overcurrent capability. On the other hand, MV-DN normally includes several step-
up and step-down transformers that are drawing sympathetic inrush current in energizing stage. Therefore,
the major difficulty to perform black start by BESS during MV-DN island operation lies in the fact that
the inverter has to simultaneous control the network voltage and its output current. This paper presents
two control approaches for a BESS in order to control the inrush current during MV-DN black start. The
proposed control schemes consist of droop, voltage and current loops in the stationary reference frame. The
droop loop is used to generate the voltage reference. An intermediate voltage and inner current loops are
designed for output voltage regulation, current reference generation as well as current tracking, respectively.
New reference modifiers are included into droop and voltage loops to limit inrush current. The proposed
control schemes are experimentally tested for energizing Inga MV-DN in Finland by 1 MVA BESS, and
their performance is compared in terms of inrush current value and voltage quality. The obtained results
prove that both methods are able to feed the load with a fixed voltage in the steady-state as well as to limit
the transformer inrush current considering the inverter overcurrent limit.

INDEX TERMS Black start, distribution network, battery energy storage system, grid-forming, islanded
mode, inrush current, medium voltage, microgrid.

NOMENCLATURE fo nominal frequency in Hz
2L-VSI  two level voltage source inverter fs switching frequency of converter
B flux density i, i, current of the converter and the grid
B, maximum flux density of transformer ke current controller gain
By the flux density of saturated core kp proportional gain
B, residual flux density ki resonant gain
BESS  Battery energy storage system m, n droop coefficients
Cr capacitor of LCL filter Ly converter side inductor of LCL filter
CB circuit breaker L grid side inductor of LC filter
DSO distribution system operator LV low voltage
MV-DN  medium voltage distribution network
Gi(s) current controller
The associate editor coordinating the review of this manuscript and Gy(s) voltage controller
approving it for publication was N. Prabaharan . PCC point of common coupling
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PO exchanged active and reactive power
with the grid

PI Proportional Integral

PR proportional resonant

rf, Tg internal resistance of Ly, L

SVM Space Vector Pulse Width Modulation

S Laplace operator

Vbce DC bus voltage

Vi output voltage of converter

Vv PCC voltage

V] voltage amplitude

Z, equivalent grid impedance

Ti(s) Transfer function between PCC volt-
age and converter voltage

Zy(s) equivalent impedance of the converter

Z, virtual impedance transfer function

Ap(s) characteristic equation

Wo resonant frequency PR controller
in rad/s

Z and 6 the magnitude and phase of the con-

nection line impedance

SUBSCRIPTS AND SUPERSCRIPTS
a,b,c phase
i converter
max  maximum
nom  nominal

DC  DClink

o, B Stationary reference frame
components

d, g  synchronous reference frame
components

* reference

I. INTRODUCTION
The black start of the distribution system is vital to feed
medium voltage and low voltage customers with minimum
elapsed time between inherent outages and to reduce mean
time between failures (MTBF). There are two ways to per-
form black start. The first method recommends using a
large installed generation, typically connected to the sub-
transmission network, in order to self-start and re-energize
the network [1]. The second requires the establishing and
operation of small self-contained distribution-level micro-
grids or power islands at medium voltage (MV) levels [2].
The dispatchable distributed generation for instance diesel
generators and battery energy storage systems (BESSs) as
well as non-dispatchable generation such as small wind
farms and commercial and industrial PV systems generation
sources are envisaged to form the grid in islanded micro-
grids [2]. The size of the power islands is foreseen to be tens
of MWs and will typically consist of one or more medium
voltage feeders at a distribution network [3].

In the black start by BESS, the control scheme of the
inverter plays an important role in forming medium voltage
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distribution networks (MV-DN) voltage, and BESS is forced
to act like an AC voltage source [4], [5]. In the case of
MV-DN, the voltage must be kept sinusoidal with limited
voltage total harmonic distortion (THD), acceptable voltage
deviation, balanced and fast transient voltage recovery under
unpredictable load changes [6], [7]. Other disturbances dur-
ing the black start and forming of the MV-DN voltage can
be related to the inherent nonlinearities of the inverter and
the dc-bus voltage fluctuations due to battery discharge [4].
In general, two different control methods can be used for
an inverter with grid-forming capability: 1) constant voltage
method and 2) droop method.

In the constant voltage method, the inverter output always
keeps constant regardless of load changes. This method works
correctly when other generating units are operating as current
sources, and using wire communications is mandatory for
power-sharing [8]. In droop control, the voltage amplitude
and frequency are reduced when load active and reactive
power increases. This method is suitable for a system with
several static and spinning generators in parallel wherein
power-sharing will be realized without any communication
lines among them [9].

For the implementation of both control strategies, cascaded
voltage and current loops are mainly utilized in which the
voltage controller in charge to track the reference of voltage
and the current controller is used to improve system stabil-
ity and protection. A variety of controllers such as classic
proportional-integral (PI) and proportional resonant (PR)
controllers as well as nonlinear controllers including dead-
beat [10], sliding mode [11] and model predictive controllers
[12] have been proposed as voltage and current controllers.
Nonlinear controllers are either still highly dependent on the
correctness of the parameters or safer from the chattering
problem. Therefore, classical PI and PR controllers in syn-
chronous and stationary reference frames have their place in
the industry despite of their limitations in the compensation of
all harmonics[13]. In contrast to the constant voltage method,
the droop control method is superior to control BESS in
microgrids and distribution systems with several resources
since it offers wireless and flexible power-sharing [14], [15].

The transformer’s magnetization current generated at the
energizing moment is known as an inrush current which
can exceed ten times the nominal current of a transformer
for 4-6 cycles [16]. In a system, like MV-DN, with several
transformers in series and parallel, another phenomenon enti-
tled sympathetic inrush might occur due to the switching
of one transformer while other transformers are previously
energized. The peak of the inrush current is higher than
the sympathetic inrush current; however, the inrush current
usually decays in a few cycles while the sympathetic inrush
current can continue for seconds [17]. So far, transform-
ers of MV-DN have been considered ideal in the design
and implementation of the control scheme of inverter-based
generating units. Therefore, BESS with a regular controller
cannot perform black start in real MV-DN due to overcurrent
trip caused by inrush and sympathetic inrush currents of
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transformers. Some efforts to limit inrush phenomena were
done in [18], [19] by closing the circuit breaker (CB) at the
optimum time but is not working for MV-DN because the
circuit breakers are switched by the distribution system opera-
tor (DSO) and also there is no knowledge about parameters of
transformers.

In this paper, new control schemes are proposed to reduce
inrush currents and perform black start in MV-DN. These
methods are developed without the need for any informa-
tion about transformer parameters, core saturation curve and
residual flux, and timing of CBs. Therefore, the proposed
new schemes provide improved and effective performance,
reduced calculation time burden, uncomplicated implemen-
tation, and independence from the distribution network pro-
tection and management system.

This paper is arranged as follows. In Section II, the config-
uration of the medium voltage BESS is described. Section III
provides the development of the proposed controllers and the
experimental results of black starting of Ingd MV-DN by 1
MVA BESS will be addressed in Section IV. The conclusions
of the work are presented in Section V.

Il. MEDIUM VOLTAGE BESS CONFIGURATION

A. SYSTEM CONFIGURATION

In available BESS systems, BESS voltage is typically lower
than 1500 V on the DC side. Therefore, one DC/AC converter
(inverter) plus a step-up transformer is used to connect BESS
into the AC grid. For the inverter mainly a 2-level voltage
source inverter (2L-VSI) technology with an LCL filter on the
AC side is applied. The VSI technology has many technical
advantages, including commutation failure robustness, sup-
plementary services, reactive power control and consequently
voltage control [20]. The nominal AC voltage of the inverter
terminal is typically in the range of 380 V to 690 V. Therefore,
using a step-up transformer is mandatory for connecting
BESS to the MV grid. A single line diagram of an MV dis-
tribution network including BESS is shown in Fig. 1, where
a CB is responsible for connecting and disconnecting BESS.
The CB is controlled by the DSO and the BESS controller
does not have any control and information about CB’s timing
and technical parameters. Depending on the needed power
of loads in the grid, several 2L-VSIs will operate in parallel.
They will connect to the same DC link on the BESS side (see
Fig. 1). On the grid-side, 2L-VSIs are connected in parallel
after LCL filters (see Fig. 1). The nominal current of semi-
conductors of 2L-VSI will be selected slightly larger than the
maximum load current because semiconductors do not have
the overload current carrying capability, and converters will
trip if the current exceeds this value [21].

There are several challenges to control BESS in the MV
grid due to step-down and step-up transformers. One of them
is the sympathetic inrush current of transformers, since inrush
currents can be several times higher than nominal currents of
transformers, and 2L-VSI cannot provide this current during
islanded distribution network section black start and when
forming a grid.
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FIGURE 1. The circuit diagram of MV BESS.
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FIGURE 2. Model of an inverter with LCL filter in the grid-forming mode.

B. SYSTEM MODEL

The dynamic model of an inverter with an LCL filter in grid-
forming mode is shown in Fig. 2 which can be mathematically
described by the following transfer functions [22]:

V(s) = TiS)Vis) + Zo(8)ios). )
Ti(s) = IWES o
Z.(s) = —s?LpLg + s (Ly(1 —Alff) — roLy) + rg(1 — ”f)’
p(S)
3)

where the denominator A,(s) can be expressed as:
Ap(s) = s*Ly Cy + sCrry + 1, @

and Vj(s), i,(s) and V(s) are the inverter output voltage, the
output current, the point of common coupling (PCC) voltage,
respectively. In this system, V; and i, are accounted as the
control input and the disturbance, respectively. The voltage
of PCC V is the output of this system.

In this system, i, as the output current of the inverter mainly
includes MV-DN loads currents in the steady-state which can
be either linear or nonlinear with acceptable changes depend-
ing on the nature of loads. However, inrush and sympathetic
inrush currents will flow in the case of energizing transform-
ers for several cycles. The inrush current of a transformer can
be expressed as follows (see Fig. 3 [18]):

iinmsh - - 22 _ R(wt+6)

(R sin(e)—cos(e)))’ ©)
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FIGURE 3. Magnetization curve and inrush current waveforms.

where V), is the peak of the applied voltage, w is the grid
frequency, X = X, + Xr is the inverter and transformer
reactance, R = R, + Ry is the inverter and transformer
winding resistance, Z = Z, + Zr is the inverter and trans-
former impedance. Subscripts o0 and T remark the inverter and
the transformer. The angle 67 is described by the following
relationship [23], [24]:

O = cos*](m), (6)

By,

where B, is the maximum flux density of transformer excited
by the rated voltage, By is the flux density of the completely
saturated core, and B, is residual flux density. According to
(6), there are two ways to limit inrush current: 1) choosing
the best time for connection, which is not applicable in this
application since CB is controlled by DSO, and 2) reducing
the voltage amplitude, which is feasible and can be imple-
mented by the control scheme of the BESS inverter.

Ill. CONTROL SCHEME OF MV BESS WITH BLACK

START CAPABILITY

A. CONTROL LOOPS

The proposed BESS inverter control schemes as shown in
Fig. 4 include outer and inner loops, to reach zero steady-state
error and fast transient response with a satisfactory stability
margin. The way to control inrush current is the key differ-
ence of control schemes which will be discussed in incoming
sections.

The envisioned control scheme is realised in the stationary
reference frame to omit coordinate transformations. Alter-
natively, the control scheme could be implemented in the
rotating (synchronous) reference frame. The voltage loop is
employed to guarantee steady-state reference tracking per-
formance and the inner loop provides damping for unstable
dynamics and rapid compensation of system disturbances
such as step loads and reference changes. In the next subsec-
tions, the development of current and voltage loops will be
discussed based on the control block diagram of MV BESS
in Fig. 5 [19].

The current loop’s block diagram can be simplified as
Fig. 6. For better circuit resonance damping and inverter
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protection, the inductor current is employed in the current
loop [16]. The plant transfer function is given by (7) wherein
the disturbance input (i,) is ignored.

i(s) _ sCr
Vi(s) T4 sszCf ’

(N

where inductor current and inverter output voltage are rep-
resented by i and V;, respectively. This system has a low
level of stability and is prone to resonant oscillation. The
closed-loop transfer function can be obtained by utilizing a
a proportional controller in the current loop (G;(s) = k).

i(s) sk.Cr
i*(s) 1+ skeCr +s2LsCy

®)

It is obvious that increasing the current controller gain
(kc) will result in greater resonant oscillation damping and
faster tracking of the reference current. On the other hand,
bigger k. leads to the development of high-order harmonics
and instability [20].

The choice of current controller gain (k.) is, in fact, a trade-
off between tracking error and stability. The value of k. must
be within the following range:

4y .
< ke < 12f;Ly. ©)
Cf ’

When a nonlinear load is fed by MV BESS, such as a recti-
fier and transformers, the output voltage contains harmonics
other than the fundamental. As a result, limiting voltage
distortion in supplying nonlinear loads becomes a difficult
problem, prompting the development of a range of control
approaches. Conventional multi-loop PI controllers in the
synchronous reference frame can be used to reject the disrup-
tive influence of load current on the output voltage, as shown
in Fig. 7. The effectiveness of this method is not restricted
by switching frequency, unlike many other methods such as
deadbeat, feedback linearization method, and sliding-mode
control. This approach, however, is commonly criticized for
the restricted number of harmonics it can compensate. This
is owing to the computational difficulty and computational
weight of the coordinate transformations required for syn-
chronous frame implementation [13]. In this method, output
voltage regulation is achieved by sensing the output voltage
and comparing it to the reference voltage, as shown in Fig. 7.
The error signal in the stationary frame is converted to the
synchronous reference frame with a rotational speed of kw,
where k is one, three, five, and so on. The PI controller
processes the error in the synchronous frame and converts it
to the stationary frame current reference signal 7, 8-

The voltage loop is slower than the current loop. As a
result, the gain of the current loop can be assumed to be
one when designing the voltage controller. Fig. 7 displays the
model of a PI harmonic controller in harmonic frame k. The
following expression is the result of converting one control
channel of Fig. 7 from the synchronous frame with of speed
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FIGURE 4. Modular framework for controlling MV BESS: (a) Control method based on reference limiter in droop loop, (b) Control scheme

based on reference limiter in voltage loop.
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System
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FIGURE 5. System model and control block diagram of MV BESS.

ko to the stationary reference frame:
kikS
I:i;ki| _ kp + s2+ k2(1)% |:Avoti|
M| kixs lAavg |’
Bk 0 ky + 5—— B
P2 kw2

0

(10)

The gains of proportional and integral controllers in ref-
erence frame k are denoted by k, and kjy, respectively.
In addition, w, represents the fundamental angular frequency
in rad/sec. Consequently, the multi-loop control with PR con-
trollers in the voltage loop is shown in Fig. 8. PR controller
can be expressed as follows[25]:

K;

Gy(s) =K, + Z m

k=1,3,5,7

(11)
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FIGURE 6. Inner current loop and plant transformer function.

In the above equation, if the voltage controller is assumed
as two parts, the first part represents the proportional con-
troller coefficient (K},) and the second part is responsible for
suppressing the resonance of the intended order (i = 1,3,5 &
7). So, i represents the harmonic order in Kj.

The droop strategy is a conventional method to generate
the voltage reference based on active and reactive powers.
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FIGURE 7. Multi-loop synchronous frame proportional-integral (PI)
harmonic controller [13].

The principal concept of the droop method is to emulate
the behaviour of a synchronous generator, which reduces the
frequency, while the active power is increased. This feature
can be utilized to perform communication-less power-sharing
among parallel units. In the droop method, the inverter can be
modelled as an ac source with the voltage amplitude of E and
phase of §. Then, the active and reactive powers of the inverter
can be expressed as follows:

2

VpccE 1%
P =P o6 — 8) — —LCC cos(h)

N sz , (12
0 = “FC7 §ino — §) — ~£CC sin(9)

where Vpcc is the voltage of the point of common coupling.
Z and 6 are the magnitude and phase of the connection line
impedance. The phase 6 is 0° and 90° for the inductive and
resistive line impedance, respectively.

If the phase angle is small enough, then cos § &~ 1 and sin
8 ~ §. With this assumption, the active power mainly depends
on the phase angle, while the reactive power essentially relies
on the amplitude for the inductive line (6 =90°). Accordingly,
the voltage reference can be defined based on the droop
method as follows for inductive line impedance:

{a)*:a),mm—mP ’ (13)

V= Viom — nQ

where w* refers to the reference frequency and V* stands
for the reference. Similarly, the voltage reference can be
modified as follows for resistive line impedance:

{w* = Wnom + nQ (14)

V* = Vyom —mP

After the determination of references of the amplitude and
the frequency, the voltage reference signal (V, ﬂ) is generated
in the stationary reference frame by a voltage-controlled
oscillator (VCO) as shown in Fig. 4.

Eqgs (13) and (14) have been named as inductive (P-f/Q-V)
and resistive (P-V/Q-f) droop methods, respectively, which
both have their pros and cons. Thus, the type of droop strat-
egy must be determined based on characteristics of MV-DN
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FIGURE 8. The block diagram of voltage loop with proportional-resonant
controllers.

(cables, overhead lines, etc) and control schemes of other
generating units in the system.

It is evident that active and reactive powers rely on Z and
0. In practice, the DN power system is not pure inductive
or resistive, which has a negative impact on the accuracy of
the droop method and power-sharing. As a solution, a vir-
tual impedance can be employed to enforce the observed
impedance by the inverter to be purely inductive or resistive
[26]. After embedding the virtual impedance branch into the
droop method in Fig. 4, the final voltage reference (V;ﬁ) can
be expressed as:

V(;kﬁ == ;/3 - ZV‘ i(),()lﬂ? (15)

where i, o4 is the output current of the inverter, and Z, is the
virtual impedance transfer function [27].

B. INRUSH CURRENT LIMITATION

Two different types of reference modifiers can be employed
in droop and voltage loops to limit inrush current depending
on control loops.

1) B.1. REFERENCE MODIFIER IN DROOP LOOP

A rate limiter with the following relationship can be used
as the reference modifier in the droop loop to restrict the
pace of voltage amplitude and control the inrush current (see
Fig. 4-a):

V¥k —1)+RT, V*(k) =<V,
V*(l)z ( )+ K ( )_ nom’ (16)
Vnom else
where k, V*, R, Ty and V,,,, are an integer, the amplitude
of voltage reference, rising slew rate parameter, controller
sample time, and nominal voltage, respectively.

2) B.2. REFERENCE MODIFIER IN VOLTAGE LOOP

A reference modifier, expressed in (17), can be added to the
voltage loop to limit inrush current as shown in Fig. 4-b.
The modifier activates if the inverter current would exceed
the high current level Ij;g, set above the inverter continuous
capacity and below the protection levels. Upon the activation,
the current reference is modified per (17) where I,y is tem-
porarily reduced current limit which is recovered to normal
once the current has returned below Ipg;,. The level Iy, is set
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within the inverter’s continuous current capacity to mitigate
the inrush event and ensure uninterrupted operation[28].

iz;;ﬁ’ i:;ﬁ = Ihigh

ok

lop = max . o o, 17
- o> |lap| > Tnign
Inp

where |igg| and ‘i;ﬁ) are vector magnitudes. When the out-
put of the controller is inhibited by a limiter, any inte-
grators within the controller may experience wind-up.
Therefore, the voltage controller must have the anti-windup
capability [29], [30].

IV. EXPERIMENTAL RESULTS

In order to test and validate the performance of the proposed
control strategy under real conditions, a IMVA BESS (shown
in Fig. 9) is used to black start of MV distribution system
in Inga, Finland. This 20kV distribution system has around
400 customers and 30 distribution transformers (20kV/400V,
sum of 2.5MVA). In these tests, a load of 250kW are con-
nected to the IMVA inverter and 1IMWh Battery. IMVA
inverter system consisting of four parallel-connected inverter
units.

The single line diagram of this grid is shown in Fig. 10,
the grid is energized by closing the LV-circuit breaker. The
step-up transformer is 1000 kVA, Dyn 11, 20500/410 V trans-
former. The DC link voltage varies around 650-800 VDC,
and it depends on the battery state of charge. The parameters
of the 2L-VSI of the BESS system is listed in Table 1. The
control scheme uses inverter current, dc-link voltage, ac line
voltage on the low voltage side as feedbacks to control the
system.

The circuit breaker between the inverter and transformer is
turned on and off by DSO, and its time of closing is random.
20kV/400V transformers are connected to the distribution
system without any circuit breakers.

Two experimental cases have been selected in this valida-
tion stage, 1) black start with the voltage reference modifier
in the droop loop, 2) black start with the current reference
modifier in the voltage loop.

A. BLACK START WITH VOLTAGE REFERENCE MODIFIER
IN THE DROOP LOOP

Supplying load with ramped voltage is the first solution for
inrush current limitation as shown in Fig. 11. These data
were recorded from the internal datalogger of one inverter.
As can be seen, there is no overvoltage and under voltage
in the voltage waveform, and the load is fed with a fixed
voltage in terms of amplitude and frequency. On the other
hand, the output current does not contain any overcurrent like
the typical inrush current. It is worth mentioning that some
DSOs do not prefer feeding loads with a ramped voltage, and
they want to maintain the voltage in the normal operating
range, e.g. between 0.90 pu and 1.05 pu, depending on the
grid code [31].
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FIGURE 9. 1 MVA Battery energy storage system installed in Inga, Finland.

TABLE 1. Parameters of each inverter in 1MV BESS.

Symbol Description Value
V (Vims) Nominal line voltage 400
Inom (A) Rated current 460
Ve (V) Dc-link voltage 650-800
L¢ (uH) Inverter side inductor 146
Cr (uF) Filter capacitor 120
L, (uH) Grid side inductor 73
fo (Hz) Rated frequency 50
/s (kHz) Switching frequency 3.6
0.4kV3 E20kV 20kV,~—0-4kV
ce IMVA " % o

— QD
r D

16kVA

e

FIGURE 10. Single line diagram of the distribution system in Inga, Finland.

—D

B. BLACK START WITH THE CURRENT REFERENCE
MODIFIER IN THE VOLTAGE LOOP
In the second experimental test, the performance of the pro-
posed method with the current reference modifier in the volt-
age loop for instantaneous feeding of the load with nominal
voltage as well as inrush current restriction will be evaluated.

In this test, the CB is closed in the LV side (400V) by the
BESS and the inverters feed the DN system with associated
loads. The current of the inverter (LV side of 400V/20kV
transformer) is shown in Fig. 12, wherein the inrush current
is limited within the inverter’s output capacity. The results
show that the inverter system is capable of handling the inrush
current and at the same time also feeding loads in the grid. The
inrush peak starts to develop after closing the CB but there
is a rapid reduction of the current once the inverter starts to
react. The event is terminated in less than 20ms, and a typical
recurring and decaying phenomenon of inrush peak is not
occurring in the system.

Also, voltage and current on the MV side are illustrated
in Fig. 13 which are recorded by a relay. It is evident that
by energizing the MV grid, inrush current is drawn from the
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FIGURE 11. Experimental results of control scheme with voltage reference modifier
in the outer loop: PCC voltage and inverter current, voltage.
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inverter which is caused by 20kV/400V transformers. Two
points should be mentioned about these results, 1) the inrush
current in MV side is limited to the rated current of line and is
under control, 2) MV voltage reaches its nominal in less than
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half cycle and then is fixed. Therefore, it can be concluded
that the proposed method is efficiently able to feed the MV
grid with standard voltage and control the inrush current.

In summary, the presented experimental results show that
the proposed control scheme with the reference modifier
in voltage loop has a promising performance in limitation
of sympathetic inrush current without the need to consider
transformers parameters, the timing of circuit breaker and
MV distribution system structure.

V. CONCLUSION

In this paper, two control schemes have been designed and
implemented for an inverter-based battery storage system to
perform the black start of island operated medium voltage
distribution network. The cascaded approach, with an outer
droop loop (voltage reference generator) as well as an inner
loop including voltage and current loops, was used to develop
control schemes. A reference modifier was added either to the
outer loop or the voltage loop in order to limit transformers’
inrush currents. The control scheme performance was tested
through energization of real 20 kV distribution by 1 MVA
battery energy storage. The obtained results verified that the
control scheme with reference modifier in the voltage loop is
able to feed the MV grid with a good performance wherein the
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grid was fed with the nominal voltage and the inverter current
is the maximum current. The proposed control scheme mit-
igates peaking and decaying characteristics of typical inrush
current. This leads to a reduction in the inverter rating as well
as the cost because oversizing caused by inrush current is not
needed.
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