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Abstract——Among hybrid energy storage systems (HESSs), 
battery-ultracapacitor systems in active topology use DC/DC 
power converters for their operations. HESSs are part of the so‐
lutions designed to improve the operation of power systems in 
different applications. In the residential microgrid applications, 
a multilevel control system is required to manage the available 
energy and interactions among the microgrid components. For 
this purpose, a rule-based power management system is de‐
signed, whose operation is validated in the simulation, and the 
performances of different controllers are compared to select the 
best strategy for the DC/DC converters. The average current 
control with internal model control and real-time frequency de‐
coupling is proposed as the most suitable controller according 
to the contemplated performance parameters, allowing voltage 
regulation values close to 1%. The results are validated using 
real-time hardware-in-the-loop (HIL). These systems can be eas‐
ily adjusted for other applications such as electric vehicles.

Index Terms——Internal model control, energy management 
system (EMS), hybrid energy storage system (HESS), mi‐
crogrids, real-time frequency decoupling.

NOMENCLATURE

%ets Overshoot percentage

Di Current ripple

ABand   C Matrices of state space model

C1 Buck-mode output capacitor

C2 Boost-mode output capacitor

Cic Current controller

CicBB Current controller for battery bank
CicUCAP Current controller for ultracapacitor (UCAP)
CIMC Compensator for internal model control (IMC)
CvcBB Voltage controller for battery bank
CvcUCAP Voltage controller for UCAP
D Duty cycle
ess Steady-state error
F(s) IMC filter

Gd (s) Disturbance transfer function

Gp (s) Realistic model of plant

Ĝp Estimated mathematical model of plant
GclA GclB Closed-loop transfer functions of half-bridge 

converters A and B
Gid Converter transfer function from current to du‐

ty cycle
IBB Current of battery bank 
IDG Distributed generation current
iL Inductor current
iload Load current
ioA Output current of converter A
ioB Output current of converter B
iREF Current reference
IUCAP Current of UCAP 
K Gain vector for state variables x
Ki Gain vector for integral state variables x i

KBB Gain vector for battery bank controller
KUCAP Gain vector for UCAP controller
L Inductor value
Mets The maximum transient error
Q(s) Function of IMC 

Q Matrix of process noise covariance 

R Load resistance
R Matrix of measurement noise covariance 
r(t) Reference signal
RefFDC,A, Reference values for controllers in GclA and 
RefFDCB GclB using frequency decoupling

Tvi Converter transfer function from voltage to 
current
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u(×) Control law

vH Boost voltage
vL Buck voltage
vo Output voltage
VBUS DC bus voltage
VREF Voltage reference

I. INTRODUCTION 

GLOBALLY, there has been a rapid development in us‐
ing efficient technologies and systems with renewable 

energy resources [1]. Due to the nature of some renewable 
energy resources, the interaction between the traditional inter‐
connected system and distributed energy resources (DERs) is 
complex [2], [3]. Reducing the complexity of this interaction 
is a key issue for the gradual development of the technolo‐
gies that integrate renewable energy resources into the distri‐
bution system. Among the technologies, microgrids can re‐
spond in seconds to compensate for a deficit or surplus in a 
distribution system. Additionally, they can be designed to 
meet special requirements by users, e.g., reliability, efficien‐
cy, or uninterrupted power supply [4]-[6].

Modern microgrids use energy storage systems for differ‐
ent purposes like compensating the intermittent behavior of 
DERs. Energy storage systems are usually battery-based [5]-
[7] and have operational limitations, especially in the appli‐
cations with frequent pulsed load events such as residential 
microgrids and electric vehicles. However, recent research 
has shown that by combining different types of energy stor‐
age technologies such as battery-ultracapacitor systems, and 
the performance is improved in different ways by leveraging 
the operational benefits of each technology [8], [9]. These 
systems are known as hybrid energy storage systems 
(HESSs). For instance, batteries have high energy density 
but long response time, whereas ultracapacitors (UCAPs) 
have high power density and short response time. Therefore, 
in a conceptual HESS, batteries are usually installed to sup‐
ply the average component of the power to the load, while 
UCAP supplies the transient component [10].

In order to achieve the desired characteristics in an HESS, 
it is required to select the proper topology for the system. 
Topologies can be classified as passive, semi-active, and ac‐
tive topologies [8], [9]. In the passive topology, the storage 
components are directly connected and the load exerts the 
control on the system. In the semi-active topology, a power 
converter is placed in the system and the control is partially 
exerted on this converter. In the active topology, it is re‐
quired to install two power converters, one for each storage 
technology, thus increasing the control options for the sys‐
tem [8], [9].

The HESS in a parallel active topology couples the bat‐
tery bank and the UCAP by using bi-directional DC/DC con‐
verters so that each storage component uses a dedicated con‐
verter and the sources are in parallel. At the opposite end of 
the storage components, DC/DC power converters are cou‐
pled to form a DC link, also called DC bus, to which the 
load is connected.

Storage components require bi-directional DC/DC power 

converters to facilitate power exchange. These converters 
obey the established operating rules that comprise the con‐
trol systems. These control systems are commonly known as 
energy management systems (EMSs).

The performance of an HESS in an active topology is gov‐
erned by the implemented control law [11], [12], which is 
part of the EMS. For the definition of the control law, it is 
usual to apply droop-based proportional-integral (PI) control‐
lers. Reference [13] addresses the droop control to perform 
the frequency coordination using a virtual impedance for a 
DC microgrid. In this paper, a proportional control combined 
with low-pass filters (LPFs) and high-pass filters (HPFs) is 
applied to the battery controller and capacitor, respectively. 
The addressed strategy in [14] contains the undesirable 
steady-state error. Such error is also presented in [15] 
and [16].

In [14] and [17], the limitations of conventional droop 
control are identified for decentralized control in microgrids 
and power distribution between storage components. Addi‐
tionally, the necessity of performing a dynamic power decou‐
pling of different frequencies should be considered, which is 
not possible when only using a virtual resistor [14]. In order 
to solve the above limitations, it is proposed to extend the 
concept of virtual resistance towards the virtual capacitance 
by creating the concept of real-time frequency decoupling by 
means of extended droop control (EDC). In this case, the 
steady-state error is clearly reduced but it can be identified 
in pulsating load events and is only reduced when the load 
returns to its initial value.

As mentioned in [18], it is possible to manage external 
disturbances at the control level by implementing the inter‐
nal model control (IMC), which is based on the internal 
model principle. The IMC structure includes an explicit ro‐
bustness filter that is useful to manage modeling limitations 
and unmeasured disturbances [19]. Such characteristics make 
the IMC controller suitable for real-time plants in compari‐
son with state space controllers and conventional proportion‐
al-integral-differential (PID) controller [18]. The tuning of 
the IMC controller is not very different from a conventional 
controller [19], but its potential is yet to be fully explored in 
power converter applications, given that it is not common to 
find implementations, especially when using coupled convert‐
ers.

In the HESS applications, it is common to find control 
strategies that include the EMS within the control architec‐
ture, as evidenced in [15], [20], and [21]. In contrast, our 
previous research work [22] shows an EDC-based cascade 
control with no interdependence between the EMS and the 
control strategy.

Whether a microgrid is operating in grid-connected or is‐
land mode, the control objective may differ due to the chang‐
es in the operation conditions. The EMS must perform the 
required adjustments in response to such changes. The con‐
trol objectives and operation conditions are sized according 
to the application. Therefore, the process variables are differ‐
ent from those expected in a manufacturing plant or in elec‐
tric vehicles [23].

As mentioned above, HESSs are also used in electric vehi‐
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cles and plug-in hybrid vehicles. In [24], a semi-active topol‐
ogy is employed for electric vehicle applications with a coor‐
dination strategy, in which undesirable effects (pulsed load 
events) are not suppressed and Lithium-ion batteries are op‐
erating under a lot of stresses. Considering the differences of 
sizing and control objectives, the operating concepts are also 
compatible with residential microgrid applications. However, 
for the purpose of this paper, the sizing is made for residen‐
tial microgrid applications, including low-power HESS and 
DERs.

References [10], [11], [25], and [26] about the HESS and 
its respective control system mainly focus on the electric ve‐
hicles. Therefore, the research about residential microgrids is 
important to identify and solve unreported problems.

This paper proposes an HESS in parallel active topology 
for residential applications. We evaluate different control 
techniques and propose a frequency decoupling cascade IMC 
as the controller for HESS in residential microgrid applica‐
tions, due to its performance parameters regarding steady-
state error and transient error. The validation of this study is 
performed by real-time simulation of an EMS that performs 
the control of the entire system.

The rest of this paper is divided into five sections. The 
system description and control architecture are presented in 
Section II. Section III outlines the performance parameters 
and different controllers to be tested. Section IV presents the 
evaluation of the control techniques used in simulation and 
the validation in hardware-in-the-loop (HIL) with an OPAL-
RT. Finally, Section V presents the main conclusions of this 
paper.

II. SYSTEM DESCRIPTION AND CONTROL ARCHITECTURE 

Figure 1 shows the HESS model in parallel active topolo‐
gy proposed in this paper, where the energy flows and the 
type of component in this system are identified in different 
colors.

The components identified in green are the energy storage 
elements, where indirect control is applied. The components 
for direct control are identified in blue, and the components 
that interact with the system and whose dynamics are not 
controllable by the HESS are identified in orange.

In this paper, the indirect control is applied to the compo‐
nents that are dynamic but no control signal is applied direct‐
ly on them. This is the case of the battery bank and the 
UCAP, which operate as a source or sink (charging) using bi‐
directional power converters, depending on the operation 
mode. Therefore, the energy flow is bi-directional.

The direct control is applied to bi-directional DC/DC pow‐
er converters, where a pulse width modulation (PWM) con‐
trol signal is exerted, which in turn responds to the control 
characteristic of each implemented controller.

The load and the distribution grid must be monitored in 
order to perform appropriate control actions and EMS-specif‐
ic connections or disconnections. The load is modeled as a 
variable resistance, and the distribution grid is modeled as 
an approximate DC source by using a rectifier.

A. Half-bridge Converter

Power converters must properly harness the energy stored 
in both the UCAP and battery bank via the DC bus. This im‐
plies that the implemented converters and the control strate‐
gy must facilitate the interaction of the elements considering 
the characteristics of the system.

The bi-directional buck-boost converter or half-bridge con‐
verter is one of the most widely-used power converters [27]. 
Among other applications, it is used in the construction of 
hybrid vehicles. The half-bridge converter is a bi-directional 
converter, which can operate as boost or buck converter [28] 
according to the current flow direction. Moreover, it is easy 
to model, and can be conditioned to improve some character‐
istics [27], [28].

B. Converter Modelling

We use the average modelling by state variables described 
in [27] and [29] as the modelling strategy for the power con‐
verters in the same way as presented in [22]. Therefore, the 
models for the boost and buck models are presented in (1) 
and (2), respectively.
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where 
~
(×) represents the state variables.

C. Control Architecture

The strategy used in each operating mode, i. e., island or 
grid-connected mode, must control the voltage and current 
of the power converters according to the performance and 
safety parameters.

Among the basic operating characteristics of HESS in resi‐
dential microgrid applications, the response to sudden chang‐
es in the load and/or generation is identified as a critical 
need. In that case, it is desirable that the battery bank sup‐
plies the energy associated with the average current, while 
the UCAP delivers the power required for the transient states 
and the dynamic component of the aggregated load-genera‐
tion. Figure 2 shows the general architecture designed to 
meet the above functional requirements.

+

_ _

+

Battery

bank 
UCAP

DC

link~
Half-bridge

converter

Half-bridge

converter

Grid

iload(t)

Fig. 1.　HESS model in parallel active topology.
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Figure 2 distinguishes two main feedback loops. The inter‐
nal loop contains the feedback of control variables iL and vo 
for current and voltage regulation, as shown in [28]. The ex‐
ternal loop corresponds to the real-time frequency decou‐
pling loop.

For the denoted system GclA, the reference signal r(t) is 
given by:

RefFDCA = r(t)- |LPF|ioA (3)

For the denoted system GclB, the reference signal r(t) is 
given by:

RefFDCB = r(t)- |HPF|ioB (4)

The measurement of the output current in each converter 
is required for the operation of frequency decoupling loop. 
The filter in this loop is working as a virtual impedance, 
thus we obtain the real-time frequency decoupling loop by 
subtracting the reference value from the product of the virtu‐
al impedance and the output current.

D. EMS

From the desired control objectives, we extract the operat‐
ing rules of the EMS so that we can easily identify the re‐
quired actions in the possible scenarios. The EMS also in‐
cludes converter controllers as part of the system. This ap‐
proach combines the classic droop control with a unified 
controller according to [9].

In the operating rules of the EMS, we consider several 
variables such as the state of charge (SOC) of the battery 
bank, the voltage of UCAP, the state of the distribution grid, 
and the generation current.

Control actions for the battery bank include hard charge, 
soft charge, discharge, connection, and disconnection. The 
UCAP uses the same control actions, expecting that the hard 
and soft charge actions are replaced by normal charge ac‐
tions.

The operating rules applicable to the distribution grid in‐
clude only connection and disconnection in relation to the 
reference voltage. The cases of DERs include connection 
and disconnection commands, when the generation current 
IDG is greater than zero. Further details about EMS rules can 
be found in [22].

III. CONTROL TECHNIQUES 

The comparison of different control strategies and their 
performance evaluation are important to select the most ap‐
propriate option for the validation process. Compared with 
the controllers in the grid-connected mode, we emphasize 
controllers in the island mode due to the general interest 
they represent in the application.

A. Performance Parameters

There are multiple indicators evaluating the performance 
of a control system. In [30], the steady-state error is pro‐
posed as the single performance evaluation parameter. How‐
ever, it is necessary to use additional indicators in HESS ap‐
plications such as the overshoot percentage and the maxi‐
mum transient error, as stated in [31]

Consequently, the following performance evaluation pa‐
rameters are used in this paper, i.e., the steady-state error ess, 
the maximum transient error Mets

, the overshoot percentage 

%ets, set-point tracking, and load response.

B. Vectorial PI Control

Vectorial PI (VPI) control is considered as an extension of 
the state feedback control, which is widely studied and dis‐
seminated. The concept of integral action in PI control is ex‐
tended to compensate the limitations of robustness and 
steady-state error in the state feedback control. When consid‐
ering the error integral as a state variable, the aforemen‐
tioned virtues are incorporated into the control technique 
[32]. As a result, the system is presented as:
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Both vectors K and Ki can be obtained by pole placing 
methods or following the Ackermann formula [32], [33]. 
The control law for this controller is given by:

u(t)= r(t)-Kx -Ki x i (7)

Using the pole placing method, we obtain the gain vectors 
of the battery bank and UCAP in VPI control, i. e., KBBVPI 
and KUCAPVPI, respectively, as shown in (8).

ì
í
î

ïï
ïï

KBBVPI = [ ]0.0110 -0.0016 -0.0470

KUCAPVPI = [ ]0.4368 0.1714 -49.05
(8)

C. Lineal Quadratic Integral Control

As an alternative to the pole placing method, an optimiza‐
tion method called linear quadratic regulator (LQR) or qua‐
dratic optimal regulator is proposed in [33].

As one of the aforementioned VPI control, the linear qua‐
dratic integral (LQI) control is an extension of the LQR con‐
trol, which has limitations of steady-state error. However, un‐
like the state feedback control, it has no robustness limita‐
tions.

For the LQI controller, it is valid to use the same block di‐
agram applied to VPI control, since the same strategy is 
used to enhance the system and add a virtual state variable 
x i to obtain the control law presented in (7).

In order to obtain the feedback gain vector, it is required 
to minimize the cost function in (9).

J = ∫0

¥
(xTQx + uT Ru)dt (9)
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Fig. 2.　General control architecture.
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where Q ³ 0 is a semi-defined positive symmetric matrix, 
whose rank is equal to that of the process noise covariance 
matrix A; and R > 0 is a definite positive symmetric matrix, 
called measurement noise covariance matrix [34]. The matri‐
ces Q and R are weight matrices that include the design cri‐
teria [33]. The control law in (7) is adapted to the optimiza‐
tion problem using (10).

u(t)=-R-1 BT Px(t) (10)

In (10), the matrix P has a rank of n and satisfies the alge‐
braic Riccati equation:

PA +AT P -PBR-1 BT P +Q (11)

By obtaining the value of P, it is possible to calculate the 
matrix K that meets the established conditions:

K =R-1 BP (12)

There are multiple alternatives for selecting the weights as‐
signed to the matrices Q and R that are part of the LQI con‐
trol. In [33] and [35], the test and error strategies are present‐
ed, while Bryson’s rule is used in [34] to set initial parame‐
ters and perform a matrix adjustment process.

According to [34], Bryson’s rule for the matrix Q with a  
rank of j states that the main diagonal element Qjj is given 
by:

Qjj =
1

max(X 2
j ) (13)

where max(×) stands for the maximum acceptable value. Simi‐
larly, Bryson’s rule for the matrix R with a rank of k af‐
firms that the main diagonal element Rkk are obtained by:

Rkk =
1

max(u2
t )

(14)

When applying Bryson’s rule for the weight matrices of 
the battery bank and the UCAP, the required gain vectors 
KBBLQI and KUCAPLQI are obtained by including the results in‐
to a computational tool based on MATLAB.

ì
í
î

ïï
ïï

KBBLQI = [ ]0.11630 0.0132 -4.4721

KUCAPLQI = [ ]0.0572 0.0473 -10.9545
(15)

The LQI controller with integral action is achieved by re‐
placing the obtained gains into (7).

D. ACC

The cascade double-loop voltage and current control or av‐
erage current control (ACC) is widely used in power elec‐
tronics applications, which is also considered in this case 
based on the PID controller tuning for both voltage control 
and current control. The control architecture is discussed in 
our previous works [22], and in [12] and [17].

The design criterion in [12] and [28] requires that the cur‐
rent controller must have a bandwidth of approximately 10% 
of the converter switching frequency. We present the transfer 
functions of the current controllers CicBB and CicUCAP in (16).

ì

í

î

ï
ïï
ï

ï
ïï
ï

CicBB =
313.5s2 + 3.663 ´ 105 s + 1.07 ´ 108

s2 + 3.427 ´ 104 s

CicUCAP =
18.48s2 + 6.132 ´ 104 s + 5.05 ´ 107

s2 + 1.977 ´ 105 s

(16)

The criterion of voltage controller defined in [28] requires 
a bandwidth of approximately 10% of the current controller 
bandwidth. We present the transfer functions of the voltage 
controllers CvcBB and CvcUCAP in (17).

ì

í

î

ïïïï

ï
ïï
ï

CvcBB =
544.4

s

CvcUCAP =
428.38

s

(17)

E. ACC with IMC

IMC is considered as a predictive control method [28] 
that allows canceling delays induced by the plant and thus 
achieves a wider bandwidth in the closed loop, while the be‐
havior of the system is stable.

The IMC principle applied to control theory, as stated in 
[36], introduces an explicit model of the plant into the con‐
trol architecture, as expressed in (18).

CIMC =
F(s)Q(s)

1 -F(s)Q(s)Ĝp (s)
(18)

Equation (18) is composed of the estimated mathematical 
model of the plant Ĝp (s) calculated from the realistic model 
of the plant Gp (s), a stable IMC function Q(s) incorporating 
the corresponding controller, and the IMC filter F(s) to im‐
prove the robustness with respect to the modelling error [37].

Depending on the control objectives and the system to be 
controlled, different control strategies can be applied to ob‐
tain a proper and stable function Q(s) such as PID control, 
LQR, coprime factorization, etc. [37].

Furthermore, [38] presents an architecture for a two-de‐
gree controller, whose implementation would be excessively 
complex. Reference [39] employs the IMC for a simple buck 
converter. The approach in [40] includes robust control tech‐
niques for an IMC controller, which is also highly complex. 
Therefore, we discard such strategies.

In our previous research work, we have executed test cas‐
es containing two cascading IMC compensators, following 
the architecture of the ACC. The results show that the cur‐
rent controller suppresses the effect of the real-time frequen‐
cy decoupling loop, and therefore, we also discard these test 
cases. We choose to replace the IMC controller with the con‐
troller incorporated in the current loop for ACC.

In this way, we obtain a cascaded controller with a PID 
current control and IMC voltage control in a simple architec‐
ture. The block diagram of the proposed controller is shown 
in Fig. 3. In this diagram, the transfer function Cic (s) is the 
current controller as used in the ACC, and Gid (s) is the mod‐
el transforming the current to duty cycle.

_ _

_

_
Gp(s) Gid(s)

VREF

io

u iLiREF
Q(s) Cic(s)F(s)

+ +

+

+

LPF/HPF

IMC ACC

Gp(s)
^

Fig. 3.　Block diagram of proposed controller.

515



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 2, March 2023

For the estimated model, we use the closed-loop transfer 
function with current control, and therefore, Ĝp (s)= Tvi (s). 
Moreover, for the battery bank voltage controller, the volt‐
age controller is given as:

CvcBB =
αs3 + βs2 + δs + ζ
s3 + ρs2 + σs + ξ

(19)

where α = 1.97 ´ 10-3; β = 97.11; δ = 3.17 ´ 106; ζ = 877.2 ´ 106; 
ρ = 14.56 ´ 103; σ = 15.14 ´ 106; and ξ = 4.05 ´ 109.

For the UCAP controller, the voltage controller is given by:

CvcUCAP =
γs4 + αs3 + βs2 + δs + ζ
s4 + ϕs3 + ρs2 + σs + ξ

(20)

where γ = 18.89 ´ 10-3; α = 9405; β = 1.25 ´ 109; 
δ = 36.6 ´ 1012; ζ = 2.07 ´ 1015; ϕ = 440.8 ´ 103; ρ = 10.13 ´ 109; 
σ = 24.79 ´ 1012; and ξ = 15.1 ´ 1015.

IV. CONTROL PERFORMANCE ASSESSMENT AND VALIDATION 

For the different control techniques, we run simulations in 
Simulink by using the same test scenario. The models for 
each controller used in this stage are available in [41]. Table 
I summarizes the power converter parameters used in the 
HESS for this section.

The unipolar voltage of DC bus is 360 V and it is coupled 
to a variable pulsating load with different current levels. The 
rated voltage and capacity of battery bank are 160 V and 
6912 Wh, respectively, and the rated voltage and capacity of 
UCAP are 230 V and 20 F, respectively, and equivalent se‐
ries resistance is 340 mΩ.

Based on the simulation results, we carry out the perfor‐
mance evaluation considering the parameters indicated in 
Section III-A and apply them to the voltage of DC bus. For 
the battery bank current, we use qualitative parameters.

A. Voltage of DC Bus

Table II shows the performance parameters with different 
controllers. Additionally, we compare the voltage of DC bus 
VBUS with different controllers in Fig. 4. All results in Table 
II can be replicated based on [41].

For the steady-state error, the mean value of the acquired 
signal is compared with the set-point value. The maximum 
overshoots are measured from the local maximum and mini‐
mum values in the worst case. The overshoot percentages 
are based on the normalization of the difference between the 
maximum and minimum values and the reference value, 
while the set-point tracking is qualitatively assessed from the 
steady-state error and transient error.

Note that in Table II that the highest steady-state error 
ess,av is obtained with the VPI control (163.5 mV) and the 
lowest one is obtained with the IMC (22.6 mV).

In the case of the maximum positive and negative tran‐
sient errors Me(+)

ts  and Me(-)
ts , the VPI control has the highest 

values (4.2 V), while the IMC presents the lowest positive 
and negative errors (2 V and 1.6 V, respectively). In the 
same way, the overshoot percentage of the VPI control is the 
highest at 1.16%, while the IMC has a maximum positive ex‐
cess of 0.55% and a maximum negative excess of 0.44%. 
Therefore, in the transient state, the IMC shows a superior 
performance.

For all controllers, except for the VPI control, the set-
point tracking is rated as suitable, as there is a tendency to 
quickly reduce the transient error. In the case of the VPI con‐
trol, there is a tendency to reduce the error. However, the re‐
sponse is not adequate in the case of abrupt load changes 
since an reduction close to the set-point value is not 
achieved.
1)　Disturbance Response

In addition to the aforementioned tests, we carry out a 

TABLE I 
SUMMARY OF PARAMETERS FOR HALF-BRIDGE CONVERTERS

Converter

Battery bank converter

UCAP converter

Rated power 
(kW)

5

5

Boost voltage 
(V)

360

360

Buck voltage 
(V)

210

184

Switching frequency 
(kHz)

10

30

Inductance 
(mH)

5.2

4.6

Low-side 
capacitor

100 mF

390 μF+20 F

High-side 
capacitor

262.7 μF

1.29 mF

TABLE II
PERFORMANCE PARAMETERS WITH DIFFERENT CONTROLLERS IN ISLAND 

MODE

Con‐
troller

VPI

LQI

ACC

IMC

essav 
(mV)

163.5

88.1

30.4

22.6

Me(+)
ts  

(V)

4.2

2.3

2.4

2.0

Me(-)
ts  

(V)

4.2

1.8

1.8

1.6

%e(+)
ts  

(%)

1.16

0.64

0.66

0.55

%e(-)
ts  

(%)

1.16

0.50

0.50

0.44

Set-point 
tracking

Regular

Suitable

Suitable

Suitable

Load 
response

Suitable

Suitable

Suitable

Suitable

Note: the superscripts “+” and “-” represent the positive and negative er‐
rors, respectively.
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Fig. 4.　Voltage of DC bus with different controllers.
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case scenario to show the response of controllers to voltage 
disturbances. The disturbances are included in the controller 
from dy, where y is the output signal, which is the output 
voltage vo in this case. The disturbance signal is included in 
the system in the form of (21), where the coefficient is used 
to amplify or attenuate the disturbances magnitude for test 
purposes.

Gd (s)= 4
1

s + 1
(21)

We define the coefficient as a constrain for the ACC in 
(21), given that using a higher value makes the response un‐
stable. The simulation results for this case are presented in 
Fig. 5, from which we can identify that the VPI and LQI 
have similar responses, and the waveform of VPI is consis‐
tent with the undisturbed case. Moreover, the IMC and the 
ACC also have similar responses; however, the ACC re‐
sponse shows marginal stability at the local maximum and 
minimum values, which is undesirable for dynamic stability.

The IMC response in Fig. 5 has no difference compared 
with that in Fig. 4, which is the expected result considering 
the internal model principle. From Table III, we summary 
the performance parameters with different controllers in is‐
land mode considering voltage disturbances. The result has 
the same parameters with the IMC in the undisturbed case, 
which indicates that IMC is less prone to instabilities in a 
more realistic disturbed scenario, while the other controllers 
present a reduced performance. All results in Table III can 
be replicated based on [41].

2)　Simulation Results in Island Mode
Considering that the IMC has the best performance accord‐

ing to the performance evaluation parameters both with and 
without voltage disturbances, we run additional simulations 
for this controller. The results are shown in Fig. 6, placing 
the steady-state voltage error using two different scales, the 
pulsating load current profile for the test cases and the cur‐
rent waveforms of the storage components.

The HESS response to the load with different controllers 
is considered adequate since we identify that all the load is 
supplied during the simulation interval. The waveform differ‐
ences in different cases are practically imperceptible, so 
there is no distinguishing factor. In the case of pulsating 
load events at t = 6 s, 12 s, and 18 s, it can be observed that 
there is a load shedding. These events are short pulses that 
quickly return to the initial value, thus the HESS dynamics 
is required not to be so fast.

B. Current of Battery Bank

Although the current of battery bank IBB is not covered 
within the performance parameters, it is important to analyze 
it because the battery is the main storage component of the 
HESS and some of its characteristics, e.g., shelf life and op‐
erating temperature, can be affected by the change of control‐
ler. Figure 7 shows the comparison of IBB with different con‐
trollers.
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Fig. 6.　Simulation of an HESS in island mode using IMC. (a) VBUS. (b) 
Iload. (c) IBB and IUCAP.
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Fig. 5.　Voltage disturbance response with different controllers.

TABLE III
PERFORMANCE PARAMETERS WITH CONTROLLERS IN ISLAND MODE 

CONSIDERING VOLTAGE DISTURBANCES

Control‐
ler

VPI

LQI

ACC

IMC

essav 
(mV)

1.09

771.00

28.20

22.60

Me(+)
ts  

(V)

5.1

3.3

2.5

2.0

Me(-)
ts  

(V)

6.2

6.2

1.9

1.6

%e(+)
ts  

(%)

1.41

0.91

0.69

0.55

%e(-)
ts  

(%)

1.72

1.72

0.52

0.44

Set-point 
tracking

Regular

Regular

Suitable

Suitable

Load 
response

Regular

Regular

Suitable

Suitable
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The VPI controller has an average current of IBBav = 11.29 
A with a maximum value of IBBmax = 18.3 A and a behavior 
susceptible to a disturbance, which attributes to not only the 
load changes but also the adjustments made by the control‐
ler. With the VPI controller, the current ripple is Di » 1.7 A.

The LQI controller presents an average current of IBBav =
11.55 A with a maximum value of IBBmax = 26.02 A and a be‐
havior less susceptible to a disturbance, which is different 
from abrupt load changes. During the simulation, the load 
change may cause short leaps with an average amplitude of 
approximately 1 A. In those leaps, there are positive and neg‐
ative overshoots with an average amplitude of approximately 
0.41 A. In this case, the current ripple is Di » 1.71 A.

The result of ACC is similar to that of the LQI control, 
but there are some differences in terms of amplitude. For the 
battery bank, the ACC has an average value of IBBav = 11.48 
A and a maximum value of IBBmax = 25.5 A. However, in this 
case, the overshoots have an average amplitude of approxi‐
mately 1.38 A and there is a current ripple of Di » 1.72 A.

The IMC has a behavior with subtle differences compared 
with ACC. First, the average current is IBBav = 11.51 A and 
the maximum is IBBmax = 25.67 A (the largest of the studied 
cases). Second, the current leaps have no overshoot and an 
approximate average amplitude of 1.94 A. Finally, the cur‐
rent ripple is Di » 1.01 A.

C. Assessment of Controllers

We compare different controllers by applying the perfor‐
mance parameters to the DC bus voltage. The overall assess‐
ment is carried out by assigning a standard rating of 1 to 10 
to each component, depending on the mean value and the 
standard deviation. The values obtained are reported in Table 
IV.

TABLE IV
ASSESSMENT OF VOLTAGE CHARACTERISTICS

Parameter

Mean value

Standard 
deviation

ess (mV)

76.4

65.1

Me(+)
ts  (V)

2.72

0.99

Me(-)
ts  (V)

2.35

1.23

%e(+)
ts  (%)

0.75

0.27

%e(-)
ts  (%)

0.65

0.34

Figure 8 shows the assessment of performance parameters 
with different controllers.

According to Fig. 8, the ACC with IMC outperforms oth‐
er controllers in all evaluation parameters. Additionally, the 
IMC is less prone to the effect of external disturbances and 
mathematical assumptions during modeling and tuning, 
which is convenient for real-time implementations.

Since the IMC performance is notable in all categories, 
we use this technique in the implementation process in HIL.

D. Result Validation

For the implementation of HESS-EMS, we develope dif‐
ferent test cases for real-time simulation on a platform of 
OPAL-RT Technologie for HIL OPAL-RT OP4510. The sig‐
nals generated by the OPAL-RT are acquired through a ter‐
minal block array and a four-channel Tektronix TBS 2000 
(100 MHz/1 GS/s) oscilloscope, and processed via a PC, as 
depicted in Fig. 9. The characteristics of HESS at this stage 
are summarized in Table V.

The EMS uses the same rules as mentioned in Section II 
and detailed in [22]. We include the ACC with the previous‐
ly assessed IMC. In this case, the load value is constant or 
manually changed and the pulsed events are introduced by 
pseudo-random generated changes in time and magnitude, 
and is applied to the system as a DER.
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Fig. 7.　Current of battery bank with different controllers.
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Figure 10 shows the single-line diagram of the HESS-
EMS implemented in the OPAL-RT. The reference directions 
of current flow are identified for the interpretation of the re‐
sults presented in the subsequent sections.

According to the single-line diagram in Fig. 10, the stor‐
age components require bi-directional current flow and there 
is a positive sign when energy consumption occurs. In the 
test cases, the current flow from the power grid to DC bus 
is unidirectional.

If the current difference between the PV module and the 
load is greater than zero (if there is a charging condition), 
the current flow to the DC bus must be positive. Consequent‐
ly, the current flow to the DC bus will be negative when 
there is a consumption condition.
1)　Operation in Island Mode with Iload < IDG

Figure 11 presents the real-time simulation for the HESS-
EMS in the island mode with DER, a fixed load of 800 W, 
an initial state of charge (SOC) of the battery bank at 80%, 
and the initial voltage of 189 V in the UCAP.

The results of IBB and IUCAP are obtained from the real-
time frequency decoupling and the difference between  IDG 
and Iload. The amplitude of IBB changes gently as the genera‐
tion current increases or decreases, while the amplitude of 
IUCAP has abrupt changes.

Moreover, the response of DC bus voltage VBUS is remark‐
able, since the voltage is maintained with a steady-state error 
close to 1 V (» 0.27%) and a maximum transient state error of 
2.1 V (» 0.58%) during an abrupt change in the DER current.
2)　Operation in Island Mode with Iload > IDG

The initial SOC of battery bank is 80%, the UCAP volt‐
age is 189 V, and the initial load is 800 W. As shown in Fig. 
12, after approximately two minutes of operation, a load 
change reaches 2500 W, which is maintained during the re‐
maining testing time.

As shown in Fig. 12, the abrupt load changes at about t =
120 s. After that, the current IDG - Iload becomes negative. As 
mentioned above, this implies that the load to be supplied is 
greater than the DER current.

For IBB, the load change has a transient with rising time in 
about 20 s. The subsequent variations caused by the changes 
in generation have similar rising time, which would contrib‐
ute to increase the expected lifetime of the battery. 
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TABLE V
SUMMARY OF PARAMETERS OF HALF-BRIDGE CONVERTERS FOR HIL IMPLEMENTATION

Converter

Battery bank converter

UCAP converter

Rated power 
(kW)

5

5

Boost voltage 
(V)

360

360

Buck voltage 
(V)

170

184

Switching frequency 
(kHz)

 4

12

Inductance 
(mH)

6

3

Low-side 
capacitor (mF)

  1

100

High-side 
capacitor

1 mF

180 μF
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Additionally, the DC bus voltage VBUS is stable throughout 
the test, with an approximate steady-state error of 0.3% and 
a maximum overshoot of about 0.7% during the load change.

E. Comparison of Performance Parameters

Although the load profiles are different for the simulation 
processes and the implementation in HIL, we make a com‐
parison considering the performance parameters for the volt‐
age of the DC bus. This comparison covers the IMC control‐
ler test case and the HIL test case for island mode operation 
with Iload > IDG. The data are listed in Table VI.

From the performance parameters in Table VI, it is clear 
that the deviation between the simulation and HIL implemen‐
tation is small in all parameters, which validates the simula‐
tion results.

The steady-state error and its corresponding percentage 
value show a noticeable difference, which is the worst case 
for the HIL implementation. However, the value of ess in 
HIL is considered more realistic and a 0.3% error for a 
360 V DC bus is negligible. This means that the proposed 
controller has a good steady-state performance.

The maximum positive overshoot and its corresponding 
percentage value exhibit a difference of 0.25%, which is in 
favor of the HIL implementation. The maximum negative 
overshoot and its corresponding percentage value differ at 
0.14%, which is in detriment of the HIL implementation. 
The result is remarkable for the proposed controller and the 
process carried out, which also has a good performance in 
the transient state both for the positive and negative load 
changes at different amplitudes.

Load response and set-point tracking parameters are ana‐
lyzed with a more comprehensive approach, because these 
indicators exhibit a consistent behavior in the different HIL 
test cases. The set-point tracking indicator validates that the 
operation is adequate, since both the steady-state and tran‐
sient errors are low. Moreover, the load response also con‐
firms that the behavior of the IMC with real-time frequency 
decoupling allows the system to supply the load with pulsed 
current in island mode.

TABLE VI
COMPARISON OF PERFORMANCE PARAMETERS FOR SIMULATION AND HIL

Parameter

Simulation

HIL

Deviation

ess (V)

0.0226

1.0800

1.0570

% ess (%)

0.006

0.300

0.294

Me(+)
ts  (V)

2.0

1.1

-0.9

Me(-)
ts  (V)

1.6

2.1

0.5

%e(+)
ts  (%)

0.55

0.30

-0.25

%e(-)
ts  (%)

0.44

0.58

0.14

Set-point tracking

Suitable

Suitable

N/A

Load response

Suitable

Suitable

N/A

V. CONCLUSION 

This paper proposes the ACC with IMC and real-time fre‐
quency decoupling as a new control alternative for the appli‐
cations of HESSs in parallel active topology. The validations 
performed in simulation and OPAL-RT suggest that the per‐
formance parameters obtained are good enough to use the 

controller in a custom prototype. Steady-state and transient 
errors show that the proposed controller performs better than 
the most commonly used controllers, especially when consid‐
ering voltage disturbances in the controller. The results also 
suggest that the scalability of the system could allow the use 
of the controller in electric mobility applications.

Time (s)

(a)

Time (s)

(b)

Time (s)

(c)

-3
-2
-1

-5
-4

0
1
2
3

I D
G
−
I l
o
a
d
 (

A
)

I B
B
 (

A
)

I U
C
A
P
 (

A
)

5

0

-5

15

10

-10

-2

0

-4

2

8

6

4

Time (s)

(d)

V
B
U
S
 (

V
 )

340

360

320

380

400

0 100 200 300 400 500 600

0 100 200 300 400 500 600

0 100 200 300 400 500 600

0 100 200 300 400 500 600

100 200 300

360

358

362

364
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