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Abstract—With the increasing importance of battery energy
storage systems (BESS) in microgrids, accurate modeling plays a
key role in understanding their behaviour. This paper investigates
and compares the performance of BESS models with different
depths of detail. Specifically, several models are examined: an
average model represented by voltage sources; an ideal dc source
behind a voltage source converter; a back-to-back buck/boost
and bi-directional three phase converter, with all models sharing
the same control system and parameters; and two additional
proposed models where the switches are replaced by depen-
dent sources to help analyze the differences observed in the
performance of the models. All these models are developed in
PSCAD and their performances are simulated and compared
considering various issues such as voltage and frequency stability
and total harmonic distortion, in a benchmark test microgrid. It
is shown through simulation results and eigenvalue studies that
the proposed models can exhibit different performance, especially
when the system is heavily loaded, highlighting the need for more
accurate modeling under certain microgrid conditions.

Index Terms—Energy storage systems, dynamic simulation,
microgrids, modeling, stability.

I. INTRODUCTION

M ICROGRIDS are defined as a cluster of interconnected
distributed energy resources (DERs), energy storage

systems (ESS), and loads which can operate in parallel with
the grid or in an islanded mode [1]. Under the smart grid
paradigm, microgrids are considered a critical link in the evo-
lution from vertically integrated bulk power systems to smart
decentralized distribution networks [2], with high penetration
of renewables, easily scalable structures, and increased reli-
ability levels [3]. However, such active distribution networks
present various challenges, such as the integration of plug-
in electric vehicles and the proliferation of renewable energy
sources (RES), which have to be addressed when significant
penetration levels are reached [4]. In this context, BESS can be
practically helpful to deal with such challenges, as explained
next.
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For several interesting technical features, BESS have re-
ceived considerable attention recently, particularly as a solu-
tion to the challenges facing modern active distribution net-
works and microgrids. BESS can provide several key ancillary
services, such as load shifting, dynamic local voltage support,
short-term frequency smoothing, grid contingency support,
and reduce the need for fossil-fuel-based generation [4], [5].
Therefore, BESS are considered a key enabling element of
modern smart grids and microgrids.

Since many utilities and researchers use simulation software
packages to model and investigate various issues in microgrids,
grid components need to be adequately modeled to properly
reflect the behaviour and performance of the system. Several
components of microgrids have been extensively studied, and a
variety of models have been developed and reported in the lit-
erature. However, since inverter-based BESS are relatively new
elements of microgrids, fewer studies have been conducted on
their modeling and control. In [6], a generalized mathematical
model of ESS is presented for voltage and angle stability
analysis based on the balanced fundamental-frequency model
of the Voltage Source Converter (VSC) and the dynamics of
the dc link, based on a set of linear differential algebraic
equations. However, the impact of inverter switching on the
system performance is not modeled, and the performance of
the proposed model under different microgrid conditions such
as heavy and/or unbalanced loading are not studied. Detailed
ESS models for transient analysis in microgrids are presented
in [5] and [7]. However, the focus of these papers is on ESS
applications in microgrids, without considering the impact of
ESS modeling on the system dynamic performance. Simplified
models of ESS are presented in [8] and [9], but similar
to the aforementioned papers, they dwell on applications of
ESS in power systems rather than the modeling of ESS; the
ESS models consist of only active and reactive power loops,
neglecting VSC and dc link circuits, and the ESS dynamic
performance.

Considering the variety of BESS components, such as dc-dc
and dc-ac converters, studies on the impact of level of detail in
BESS modeling on the stability and dynamic performance of
microgrids have not yet been reported in the literature. Hence,
considering the importance of BESS in active distribution
networks and microgrids, this paper investigates and compares
microgrid dynamic performance using BESS models with dif-
ferent depth of detail. Specifically, several models are studied:
an average model represented by voltage sources [10]; an ideal
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dc source behind a voltage source converter [11]; and a back-
to-back buck/boost and bi-directional three phase converter
[12], with all models sharing the same control systems and
parameters; and two additional proposed models where the
switches are replaced by dependent sources to help analyzing
the differences observed in the performance of the models.
The models are developed in PSCAD and their performance
is compared considering various variables such as voltages and
currents at the point-of-common-coupling, active and reactive
power injection, and total harmonic distortion, in the context
of the impact on the the stability of the system. Thus, the main
objectives and contributions of the paper are the following:

• Develop and study various BESS models for microgrid
simulation and analysis, including a new and efficient
model where the switches are replaced by dependent
sources, identifying the conditions in which each model
can be used. A systematic mechanism is applied to isolate
and evaluate the impact of various parameters.

• For the first time, study the impact of BESS con-
verter switching on microgrid stability, including high-
frequency signals and internal resistances of switches.

• Study the impact of BESS dc link voltage dynamics
on microgrid stability, through eigenvalue studies and
dynamic simulations.

• Study and demonstrate the impact of unbalanced loading
on microgrids stability.

• Compare the performance of the proposed models in a
realistic test microgrid, determining their advantages and
limitations, and their computational efficiency.

The rest of this paper is organized as follows: Section II de-
scribes the various components and parameters used to model
BESS in detail, and Section III presents three approximated
models to approximately represent BESS in dynamic system
studies. Case studies and simulation results are presented in
Section IV, comparing the performance of BESS models with
different depth of detail. Section V analyzes in detail the
reasons for the differences observed in the performance of
the various models presented. Finally, the main findings and
conclusions of the studies presented in the paper are provided
in Section VI.

II. BESS DETAILED MODEL

The BESS models used in this paper mainly include a
buck/boost converter, a dc link capacitor, a three-phase bi-
directional dc-ac converter, an ac filter, and a transformer
connecting the system to the microgrid. In this section, these
models and the corresponding parameters are discussed, and
the control techniques used for each BESS converter are also
described. Figure 8 depicts in detail the BESS components [5].

A. Battery

The battery model described here is based on the generic
model proposed in [13], and is modeled as a controllable ideal
dc source in series with an internal resistance RB . The no-load
voltage of the battery EB is calculated based on the state-of-
charge (SOC) of the battery using a nonlinear equation, as
follows:

EB = E0 −K
1

SOC
+ A−BQ(1−SOC) (1)

where E0 is the battery constant voltage in V, K is the
polarization voltage in V, Q is the battery capacity in Ah,
and A and B are parameters determining the charge and
discharge characteristics of the battery. The parameters A,B,
and K can be tuned to mimic a specific battery type discharge
characteristic.

Note that the time frame of the test scenarios discussed in
this paper is in the order of a few seconds; hence, since the
BESS designed and simulated in this paper has a rated power
of 1 MW and a rated capacity of 1 MWh, which is a typical
power to capacity ratio for BESS in microgrids, the battery
voltage and SOC relation cannot be observed in the presented
simulation results.

B. Buck/Boost Converter

The buck/boost converter is in charge of controlling the dc
link capacitor voltage by properly charging and discharging
the battery. A cascaded PI controller is used here to generate
the duty cycle for the switches based on the difference of the
dc link voltage and its set-point, as shown in Fig. 2. Note that
the second PI controller reacts to changes in the active power
of the system first, thus improving the ability of the buck/boost
controller to maintain the dc link voltage.

When the dc link voltage is lower than the pre-defined
set-point, the converter works in the boost mode, discharging
the battery. When the dc link voltage is higher than the set-
point, the converter operates in the buck mode, charging the
battery. The current ripple is bounded by a proper choice of
the inductor Lchopf , as follows [14]:

∆I =
EB

Lchopf
∆t =

EB

Lchopf

1

2fs
(2)

where fs is the switching frequency.

C. DC-AC Converter

Figure 8 illustrates how the dc-ac converter connects the
battery and buck/boost converter to the grid through the
ac filter. The converter control system provides the voltage
magnitude and phase set-points to create sinusoidal reference
signals for the Pulse Width Modulation (PWM) scheme of the
converter.

As shown in Fig. 8, when the switches are in State 1, the
voltage magnitude and phase set-points are obtained based
on the reference voltage and frequency; thus, the BESS in
this case is the master voltage and frequency controller of
the system, which is referred to as a grid-forming control
technique. If the switches are in State 2, the voltage magnitude
and phase set-points are obtained based on the reference active
and reactive powers; hence, the battery is operated in constant
PQ mode, injecting/absorbing constant active and reactive
power, which is referred to as grid-feeding mode. Grid-
supporting and grid-following control modes are based on
these two fundamental control strategies, and are accomplished
by changing the reference voltage, frequency, active power,
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Fig. 1. Schematic of a battery energy storage system components and its controls [5].
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Fig. 2. Buck/boost dc link voltage controller.
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Fig. 3. Grid-forming voltage and phase reference generator.

and/or reactive power [15]. Observe that these controls are
based on Park’s dq-axes transformations.

In the grid-forming mode, the voltage dq-axes reference
set-points would be directly used to create the abc-reference
signals, as shown in Fig. 3. The reference angle is obtained by
integrating the reference angular frequency. Observe that a PI
controller is used to maintain the point of common coupling
(PCC) voltage at its rated value.

In grid-feeding control mode, the injected active and reac-
tive power are calculated first, as follows:

p =
3

2

(
VgdIgd − VgqIgq

)
(3)

q =
3

2

(
VgdIgq − VgqIgd

)
(4)

To obtain the corresponding fundamental P and Q compo-
nents, the instantaneous active p and reactive q powers are
passed through low-pass filters. The fundamental active and
reactive powers are then passed through the current reference
generator block to obtain the current dq-axes reference set-
points, as follows:

Irefd =
2

3

PrefVgd + QrefVgq

V 2
gd

+ V 2
gq

(5)

Irefq =
2

3

PrefVgq + QrefVgd

V 2
gd

+ V 2
gq

(6)

These current references are then passed through the current
closed-loop control to obtain the final voltage dq-axes refer-
ences; feed-forward terms should be used to decouple the two
axes, and should be considered for the difference between the
voltages after and before the ac filter. Neglecting Rd, a single
line diagram can be used to derive such a relation, as shown
in Fig. 4, resulting in the following equations:
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Vod = Vgd(1−ω2LfCf )+IgdRf−IgqωLf−VgqωRfCf (7)

Voq = Vgq (1−ω2LfCf )+IgdRf +IgdωLf +VgdωRfCf (8)

The final current closed-loop control block shown in Fig. 5
can be obtained from these equations.

The output of the current controller are the voltage refer-
ences Vrefd and Vrefq , which are transformed back to the
abc-reference frame to obtain the sinusoidal control signals
for PWM scheme of the converter. More information on
alternative converter controls such as grid-supporting and grid-
following can be found in [15].

D. AC Filter

The ac filter should be designed properly to limit output
current ripple and achieve an acceptable damping rate. The
ac filter inductor Lf in a dc-ac converter can be determined
based on the maximum acceptable current ripple, the dc link
voltage, and the switching frequency as follows [16]:

∆Imax =
Vdc/3

Lf4fs
(9)

The ac filter capacitor Cf reactive power injection has
to be less than 5% of the converter rated power [16]. A
series damping resistance is considered to prevent harmonic
oscillations, and is assumed to consume 0.2% of the rated
power as per:

Rd =
V 2
I

0.002PI
−

√(
V 2
I

0.002PI

)
− 1

(ωCf )2
(10)

Also, a resistance Rf is added in series with the filter
inductance to represent its parasitic resistance losses.
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Fig. 6. Ideal dc link model of the BESS.

III. ESS APPROXIMATE MODELS

In the previous section, the different BESS components and
their corresponding controls are discussed in detail. Mdels
have been proposed in the literature, in which some compo-
nents of the detailed BESS model are eliminated to achieve
faster simulation speed and/or reduce control complexity, as
explained next.

A. Ideal DC Link Model
The schematic of this model is shown in Fig. 6, where the

battery model along with the buck-boost converter is replaced
by an ideal dc source, thus fixing the dc link voltage. Hence,
the controls related to the dc link are eliminated. The rest of
the system remains the same, i.e. the inverter and the ac filter
and the corresponding control are the same as explained in
Section II.

B. Average Model
The schematic of this model is shown Fig. 7, where the

entire switching system is replaced by ideal voltage sources,
i.e. the battery, buck-boost converter, and dc-ac inverter are
eliminated; this increases the simulation speed significantly.
The control system for the battery remains the same as in
Section II; the only change is that abc-reference signals are
directly fed to the ideal voltage sources, and the PWM scheme
controls are eliminated.

C. Dependent Source Model (DSM)
To identify and isolate the impact of switches on the

performance of the system, a model is proposed here in which
the switches are replaced by dependent voltage and current
sources, as shown in Fig. 8. The control system remains
the same as in Fig. 1. Two models are developed based on
the value of the dependent voltage and current sources, as
explained next.
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1) Switching DSM: To emulate the performance of the
model with switches, the currents through and voltages across
the switches are analyzed in each switching state. For the
buck/boost converter, when Switch 1 is on and Switch 2 is
off in Fig. 1, Vd1n = Vdc, and the current through Switch 1 is
Ichop. Hence, VB and IB in Fig. 8, can be defined as follows:

Vd1n = VB = DS1 Vdc (11)

IB = DS1 Ichop (12)

where DS1 is the duty cycle of Switch 1.
For the dc-ac inverter, when Switch 3 is on and Switch 4

is off, Van = Vdc, and the current through Switch 3 is Iga .
Thus, Va and Ia in Fig. 8 can be defined as follows:

Van = DS3 Vdc (13)

Ia = DS3 Iga (14)

where DS3 is the duty cycle of Switch 3. Similarly for the
other two legs of the inverter. Note that the internal resistances
of switches are modelled by Rin.

2) Average DSM: To eliminate the impact of high-
frequency switiching, an averaging technique based on the
fundamental frequency component is used here. Thus, by
assuming that no current goes through Cf in Fig. 1 and using
KVL, the following equations can be derived:

Van = RfIga + Lf
dIga
dt

+ Vga + VnN

Vbn = RfIgb + Lf
dIgb
dt

+ Vgb + VnN

Vcn = RfIgc + Lf
dIgc
dt

+ Vgc + VnN

(15)

A ∆-Y transformer usually connects the the inverter to the
rest of the grid, thus:

Vga + Vgb + Vgc = 0

Iga + Igb + Igc = 0
(16)

Based on (15) and (16) the following equation can be obtained:

VaN = Van + VnN = Van − Van + Vbn + Vcn

3
(17)

Similarly for the voltage on the other phases. In addition, DS3

in (13) and (14) can replaced by its low-frequency contents,
i.e., its local average, as follows [17]:

DS3avg
=

1

2
+

1

2
ma (18)

where ma is the modulating signal used to control DS3,
normalized to the peak value of the carrier signal. Thus, from
(17) and (18), the dependent source in phase a can be defined
as follows:

VaNavg
=

(
1

2
+

1

2
ma

)
Vdc−

3
2 + 1

2 (ma + mb + mc)

3
Vdc =

1

2
maVdc

(19)

And similarly for the dependent voltage sources in the other
phases.

Finally, using KCL, the following equation can be obtained:

Idc = Ia + Ib + Ic (20)

Thus, based on (20), (18), and (16), the dependent current
source in phase a can be defined as follows:

Iaavg
=

1

2
maIga (21)

And similarly for the current source in the other phases.

IV. RESULTS

To effectively compare the performance of the three dif-
ferent modeling approaches, a test system based on the
CIGRE benchmark for medium voltage distribution network
introduced in [18] is implemented in PSCAD/EMTDC, as
shown in Fig. 9. The test system has a 1.3 MVA diesel-based
synchronous machine, a 1 MW BESS, and a 1 MW wind
turbine, with the latter being modeled using an average model
similar to Fig. 7, and operated as a constant power source
for the short duration of time it is connected to the grid,
since the disconnection of the wind turbine is used here as
a disturbance. The diesel-based synchronous machine and its
exciter and governor are tuned and validated according the
actual measurements from a commercial grade synchronous
machine in [19]. The BESS design parameters are shown
in Table I. The loads are modeled using a voltage-sensitive
exponential model with a 1.5 exponent, which is a reasonable
value for typical isolated microgrids [20]. The load demand
and unbalance levels are different for each test scenario
discussed next.
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TABLE I
ESS DESIGN PARAMETERS

ESS Parameters
Lf Rf Cf Rd Vrateddc

0.166 mH 4.2 mΩ 626.8 µF 84.7 mΩ 750 v
Cdclink RB Lchopf fs VRMSL−L

20 mF 0.2 Ω 3.3 mH 3 kHz 460 v

1

2

3

4

5
11

10

9

8

7

6

12

13

14

1.0 km

1.2 km

4.9 km

2.0 km

3.0 km

1.7 km

0.2 km

0.6 km 0.5 km

0.6 km

WindDies.ESS

Load

Bus

Fig. 9. Modified version of CIGRE benchmark microgrid.

A. Case A: Grid-forming BESS in Balanced Operation

In this case, the diesel and wind generators are not con-
nected. The system load is 950 kW of active power and 100
kVar of reactive power, balanced among the three phases; at
t = 0.5s, the load is increased by 100 kVar, and at t = 11.5s,
the reactive power load is again increased by 100 kVar; note
that the active power load is near the BESS rated power.

Figure 10 illustrates the active power, reactive power, and

instantaneous voltage of phase a at the PCC for average, ideal
dc link, and detailed model. Note in Fig. 10(a), before t =
11.5s, the battery performance is satisfactory for all the three
modeling techniques. Due to switching in the system, there are
some fluctuations in the active and reactive power in the ideal
dc link and detailed models of the BESS. The Total Harmonic
Distortion (THD) of the instantaneous voltage is 0.25% for
average model, 3.92% for ideal dc link model, and 3.63% for
the detailed model.

After t = 11.5s, the system remains stable for the average
and ideal dc link models, whereas it shows unsustained oscil-
lations for the detailed model. This is due to the fact that as the
apparent power demand increases, the charging/discharging
current of the dc link capacitor also increases, and beyond
a certain value, the dc link capacitor voltage ripple becomes
significant, leading to system instability, as illustrated in
Fig. 11. Note that the chosen dc link capacitor is relatively
large for a 1 MW BESS, and the active power is within the
range for which the system is designed. Also, observe that
the voltage magnitudes at the PCC are close to their nominal
values in the average and ideal dc link models, as compared
to the detailed model of the BESS.

Figure 12 shows the BESS active power, reactive power,
phase a RMS voltage at PCC, and the dc link voltage for the
Average and Switching DSMs. Observe that the performance
of the Average DSM is exactly the same as the performance
of the average model shown in Fig. 10, and the performance
of the Switching DSM is exactly the same as the performance
of the detailed model. These models are used in Section V to
isolate and evaluate the impact of high frequency switching
on the stability of the microgrid.

B. Case B: Grid-forming BESS in Unbalanced Operation

In this case, the diesel and wind generators are not con-
nected. The system load is 950 kW of active power and 100
kVar of reactive power, with the load on phase c being twice
the load on phase a and b.; at t = 0.5s, the load is increased
by 100 kVar.

Figure 13 presents the active power, reactive power, and
RMS phase voltages at the PCC. As seen from Fig. 13, the
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Fig. 10. Case A: (a) Active power, (b) reactive power, and (c) phase a RMS
voltage at the PCC.
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Fig. 12. DSM Case A: (a) Active power; (b) reactive power; (c) phase a
RMS voltage at PCC, and (d) dc link voltage.

system remains stable after the disturbance for the average
and ideal dc link BESS models; however, the system shows
unsustained oscillations for the detailed model, since similar
to Case A, the dc link capacitor voltage ripples cause the
system instability, showing a similar behaviour as in Fig. 11.
Comparing Case A and Case B for the same loading condition,
it is noted that the same disturbance makes the unbalanced
system unstable, whereas the balanced system remains stable.

The performance of the Average DSM has found to be
exactly the same as the performance of the average model, and
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the same for the performance of the Switching DSM compared
to the detailed model. Hence, these plots are not shown here.

C. Case C: Grid-forming BESS with Wind Generator Outage

In this case, the diesel generator is not connected, and the
wind turbine is generating a constant 200 kW of active power
and 200 kVar of reactive power; at t = 1s, the wind generator
is disconnected. The system active power load is 1 MW and
reactive power load is 350 kVar, with the load on phase c
being twice the load on phase a and b.
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Fig. 14. Case C: (a) Active power, (b) reactive power, and (c) phase RMS
voltages at the PCC.

Figure 14 illustrates the active power, reactive power, and
RMS phase voltages at the PCC. Note that the system remains
stable for the average and ideal dc link models, but shows
unsustained oscillations for the detailed model. Similar to Case
B, the dc link capacitor voltage ripple becomes greater than
what the system is designed for, after the wind generator is
disconnected.

The performance of the Average DSM has found to be
exactly the same as the performance of the average model, and
the same for the performance of the Switching DSM compared
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to the detailed model. Hence, these plots are not shown here.

D. Case D: Grid-supporting BESS With Wind Generator Out-
age

In this case, the diesel generator is connected and is the
master voltage and frequency controller, with the governor and
excitation controls, and the BESS is providing 1 MW of active
power and half of the system reactive power demand. The wind
turbine is generating 500 kW of active power and 500 kVar of
reactive power, and the load active power is 2.1 MW and the
reactive power is 1 MVar, balanced among the three phases.
At t = 1s, the wind generator is tripped, and at t = 7s, the
load reactive power is increased by 500 kVar.

Figure 15 shows the BESS active power, reactive power,
and RMS voltages at the PCC. The diesel generator active
and reactive power, and the system frequency are illustrated
in Fig. 17. As seen from these figures, the system is able
to retain its stability for the average and ideal dc link BESS
models after the wind generator is disconnected, i.e between
t = 1s to t = 7s; however, the system loses its stability for the
detailed BESS model. In fact, since the battery has to increase
its reactive power generation after the disturbance, it passes
a point where the dc link voltage cannot be maintained any
longer; as a result, the battery active power generation also
shows large unsustained oscillations. Consequently, the diesel
generator is not able to meet the demand level and the system
frequency, and voltage collapses. The battery dc link voltage
for the detailed BESS model is shown in Fig. 16.

After the load reactive power is increased at t = 7s, the
system continues to remain stable for the average model
of the BESS, but the system loses stability for the ideal
dc link model. This is an important observation, since the
only difference between these two models is the presence of
switches.

The response of the Average DSM has found to be exactly
the same as the performance of the average model. The
BESS and diesel engine response of the Switching DSM is
shown in Fig. 18 and Fig. 19. Observe that similarly to the
detailed model, the Switching DSM becomes unstable after the
disturbance at t = 1 s. However, its response is not exactly
the same as the detailed model, due to the different modeling
approaches; nevertheless, in both cases the system is instable,
and thus they both lead to the same conclusions.

V. ANALYSIS

In the previous section, it was shown that when the system
was pushed to its loading limits, different BESS models
demonstrated significantly different performances. These dif-
ferences can be due to three main factors: the dc-link voltage
dynamic, the high frequency switching, and the internal re-
sistance of the switches. To effectively isolate the impact of
each factor, first, an eigenvalue study is performed based on
a signal-processing technique using the dc-link voltage signal.
Second, the proposed DSM is used to eliminate the higher
frequencies and investigate the performance of the system.
Additionally, the proposed models are compared in terms of
the simulation computation times.
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Fig. 15. Case D: BESS (a) Active power, (b) reactive power, and (c) RMS
phase voltages at the PCC.

A. Small-Signal Analysis

Typically, in conventional power systems, eigenvalue anal-
ysis is carried out by linearization of the power system model
around an equilibrium point [21]. Such an approach requires
considerable simplifications limited to balanced systems, or
the development of detailed linearized models of the system
[22], which may not be feasible in practical systems. In this
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Fig. 16. DC link voltage for the detailed model - Case D.

paper, a modal estimation approach is utilized to identify the
dominant eigenvalue of the system [23], [24]. In particular,
the Steiglitz-McBride technique is utilized to identify the
dominant eigenvalue of the system [25], [26].

To investigate the impact of dc-link voltage dynamics, the
dc-link voltage signal of the detailed model in Case A is
used to identify the critical eigenvalues before and after the
second disturbance, using the MATLAB built-in Steiglitz-
McBride function [27]. The critical eigenvalues of the system
are shown in Fig. 20, where it can be observed that the
dominant eigenvalues are pushed to the right half plane after
the second disturbance, resulting in the undamped oscillations
in Fig. 11.

B. Dynamic Analysis

Without loss of generality, the performance of Switching
DSM and Average DSM are compared for Case A only in
Fig. 12. Note that the behaviour of the Switching DSM is
exactly the same as the performance of the detailed model
shown in Fig. 10; thus, by comparing the performance of
the Switching and Average DSMs, it is possible to isolate
the impact of high-frequency switching due to the switches,
since the physical components of both DSMs are all the same,
since only the values of the coefficients of the dependent
sources in (13), (14), (19), and (21) are different, reflecting
the different switching content in the two models. As seen in
Fig. 12, the performance of the Average DSM is the same as
the performance of the average model, showing that including
the dc link dynamics is not necessary in average modeling
approaches; furthermore, it confirms that is not possible to
capture the behaviour of the detailed model by neglecting the
switches and/or the impact of high-frequency swithcing. In
addition, it can be concluded that including the dc link voltage
dynamics is necessary but not sufficient to capture the accurate
dynamic performance of the system.

With the Switching DSM, it is also possible to isolate and
investigate the impact of Rin on the system’s performance.
Thus, it was found that eliminating Rin has no considerable
impact on the performance of Switching DSM. Hence, it
can be concluded that the internal resistance of the switches
does not significantly contribute to the differences in the
performance of the different models.

C. Computation Times

The simulation times in Case A are compared for the
proposed BESS models in Table II. The simulations were
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Fig. 17. Case D: Diesel generator (a) active power; (b) reactive power; and
(c) system frequency.

performed in PSCAD/EMTDC 4.6.1.0 on a PC with an
Intel(R) Xeon(R) CPU consisting of four 1.86 GHz processors,
and 64 GB RAM. The computation times were obtained by
averaging waiting times for multiple 1 s simulation times,
under similar server conditions, for the different models in the
same scenario. Note that the Switching DSM is faster than the
detailed model, while capturing its behaviour. Considering that
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Fig. 18. Switching DSM Case D: BESS (a) active power, (b) reactive power,
(c) RMS phase voltages at the PCC, and (d) dc-link voltage.

TABLE II
AVERAGE COMPUTATION TIMES OF 1 S OF SIMULATION TIME IN CASE A

Detailed Ideal dc Average Switch. DSM Av. DSM
50.6 s 43.4 s 24.8 s 39.4 s 27.0 s

the difference in computation times increases exponentially
as the number of inverters in the system increases, those can
become more considerable for larger systems. Finally, note that
the Average DSM is slightly slower than the average model,
yielding essentially the same performance.

VI. CONCLUSIONS

In this paper, first, three different BESS models were
presented and discussed: an average model that replaced the
switches with ac voltage sources, an ideal dc link model in
which the battery and buck/boost converter were replaced by
an ideal dc voltage source, and a detailed model that included
all necessary modeling and control details. In addition, to
isolate and investigate the impact of high-frequency harmonics
caused by switchings, a new model was proposed in which
the switches were replaced by dependent voltage and cur-
rent sources, to capture the average and the fast switching
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Fig. 19. Switching DSM Case D: diesel generator (a) active power; (b)
reactive power; and (c) system frequency.
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Fig. 20. Dominant eigenvalue before and after instability in Case A.

behaviour of other models at adequate computational perfor-
mance.

The following can be concluded from the presented studies:
• During normal operating conditions, little differences

were observed between different models performances;
the THD were higher for the fast-switching and ideal dc
link models compared to the average models, due to the
switching in the system

• When the system loading was pushed to its limits, the
fast-switching models lost their stability, while the ideal
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dc link model and the average models remained stable.
Also, it was demonstrated that the ideal dc link model
lost its stability for certain loading levels for which the
average models remained stable.

• Through eigenvalue studies, it was observed that dc link
dynamics contribute to the instability problem observed
in the fast-switching modelings, due to the increase in
charging/discharging current of the dc link capacitor.

• By comparing the performance of the DSMs, it can be
concluded that including the dc link voltage dynamics
is a necessary but not sufficient condition to capture the
accurate performance of the system. It was revealed that
high-frequency dynamics also contribute the instability
phenomena observed in the test scenarios.

• It was shown that the internal resistance of the switches
is not a major factor in the dynamic performance of the
system.

• Comparing the computation time of the models, it was
noted that during normal operating conditions, it may not
be necessary to include the dc link dynamics in averaging
models. Thus, it can be concluded that when the BESS is
in normal operating conditions, the average model is the
best option, since it significantly saves simulation time
speed, exhibiting adequate performance. However, if the
BESS operates in grid-forming/grid-supporting modes,
and the system is heavily loaded or unbalanced, using
average or ideal dc link models, or any other model that
neglects the dc link voltage dynamics and/or the high
frequency switching, do not properly capture the BESS
behaviour during or after a disturbance.
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