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ABSTRACT

Energy storage systems are a topical modern area of research due to the rapid development of renewable energy and electric
vehicle construction. Due to the current lack of a source or accumulator of electricity with high specific energy and power, it is being
replaced by hybrid electricity storage systems, which consist of separate, complementary sources. Among them, the combination of
electrochemical battery — supercapacitor bank is the most common. The paper considers its active configuration, in which both
sources are connected to the output network through bidirectional pulse DC-DC converters. The studied hybrid battery-
supercapacitor system is a nonlinear dynamic system with multiple inputs, multiple outputs, and two control channels, the operation
of which is described by five differential equations. To solve the problem of synthesis of a stable and efficient control system for
such an object, the energy approach, namely energy-shaping control has been used. To do this, the studied system is mathematically
described as Port-Controlled Hamiltonian system, and two descriptions are compared with different options for choosing the basic
vector of the system state. The structural synthesis of the passive control system was performed by the Interconnection and Damping
Assignment method. Based on the energy management strategy developed for the system under study, all possible options for
introducing interconnections and damping into the passive control system were explored using a computer program developed in the
MathCad environment. The effectiveness of the obtained structures of control influence formers on the investigated dynamic system
was studied by computer simulation in the Matlab/Simulink environment. According to the results of the research, the variant of
control influence former with the best combination of introduced interconnections and damping is formed according to the principle
of superposition. To stabilize the voltage values of the output network and the supercapacitor unit set by the control strategy, a
proportional-integrated voltage regulator is additionally used, and a sliding regulator between two passive control structures is
exploited to limit the allowable battery current. The results of the computer simulation showed the full implementation of the tasks of
the energy management strategy, including a smooth increase and limitation of the battery current.
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absolute and specific (per unit of mass and volume)
INTRODUCTION energy and power, duration of work (a large number
of charge-discharge cycles), non-critical to
temperature conditions, as well as low cost. As the
combination of these requirements is not provided
by any of the known energy sources or
accumulators, hybrid ESS hybrid energy storage
system (HESS) are often used, usually composed of
two sources that complement each other [2]. For
example: two different types of batteries (B), B and
supercapacitors (SC), fuel cells and SCs, B and
ultra-high speed flywheel.

Energy Storage Systems (ESS) has become a
new trend in modern energetics. This is due to the
global problem of energy saving. However, the
greatest need for the accumulation and storage of
electricity has arisen due to the rapid transition from
the use of fossil organic energy sources to renewable
sources, primarily wind and solar. In the large power
industry, the instability of electricity generation by
wind and solar installations and stations raises the
problem of stability of power grids, which can be
solved by the parallel use of high-capacity ESS. In 1. LITERATURE OVERVIEW
v erenable et E50 s Sl Among HESS, the B syste is one f
P P g " most successful and efficient [3-6]. In this system,

e e, sy he B ats s a source of enery, and te SC bark
PRIy NP composed of a number of SCs — as a source of

in electric vehicles, the mass production of which . .
" . ; power, because the specific energy of the B is about
has already become irreversible [1]. These are high an order of magnitude higher than that of the SC,

© Sheur 1. Z, Biletskyi Yu. O., 2020 and the specific power of the SC is also about an
’ order of magnitude higher than in B. At the same
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time, the number of charge-discharge cycles of the
SC is approximately two orders of magnitude greater
than that of the best batteries, and reaches one
million. Therefore, in HESS, the SC bank should
take on fast-changing and powerful processes of
energy exchange with the load, while the B load
should be long and smoothly variable and, if
possible, low. This will significantly increase the
lifetime of B [7]. Since, unlike B, chemical reactions
do not occur in the work of the SC, the latter is not
critical to the temperature conditions of operation,
keeping their properties practically unchanged under
real environmental conditions.

The electrical characteristics of the B and SC
bank are also different. The B voltage doesn't vary
much depending on the state of charge, while in the
SC bank, as in a conventional capacitor, the
relationship between its energy ws. and voltage vs is
described by a known expression

1
Wsc = Ecscvszc ! (1)

where Cq is the electrical capacity of the SC bank.

Based on (1), in practice, it's tried to ensure
such modes of operation of the SC bank; so that it’s
operating voltage changes no more than twice
compared to the maximum. In this case, 75 % of its
maximum energy will be available [2].

Due to these different electrical properties of
the B and SC bank, different configurations of
systems using controlled DC-DC converters as
electronic DC transformers are used to combine
them in HESS. Among the most popular are the
already classic semi-active and fully active
configurations (Fig. 1) [8-9]. All of them have
advantages and disadvantages. In the most common
SC/B configuration (Fig. 1a), due to the B, the
voltage of the DC-bus changes not much during
operation, but the DC-DC converter must withstand
high currents of the SC bank, which increases its
cost. In the semi-active configuration of B/SC (Fig.
1b), the DC-DC converter of lower power is used,
but the voltage of the DC-bus can vary widely. In a
fully active configuration (Fig. 1c), both the B and
the SC bank may have a lower voltage compared to
the DC-bus voltage, which simplifies the entire
system, but two DC-DC converters are required,
which increases the cost of HESS. However, the
number of degrees of freedom doubles, which
allows the use of more advanced control systems.

In addition to the described classical
configurations of B-SC HESS, there are others
developed recently [9-10]. Among them a separate
group worth to mention, called by us the switch
structure, in which the B or SC bank can be directly

connected to the DC-bus using electronic switches,
and exchange energy through a low-power
bidirectional DC-DC converter [11]. Switching the
structure in such HESS provides different modes of
operation in accordance with the branched algorithm
of the Energy Management System (EMS). Another
interesting group is the cascade structures of HESS,
which consist of the described classical, often semi-
active configurations, and have a large number of
degrees of freedom [12]. This allows HESS to be
given additional functions, such as controlling the
electric drive powered by this system.
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Fig. 1. Semi-active SC/B (a), semi-active B/SC (b),

and fully active (c) HESS configurations
Source: compiled by the author

In each configuration of B-SC HESS, according
to its degrees of freedom, by means of EMS, the
necessary control strategy which can include various
functions is realized. For example: maintaining a
constant voltage of the DC-bus, load distribution
between two power supplies, the formation of the
dynamics of changes in this load, maintaining a
given voltage of the SC bank, etc. [2; 13-15]. Given
the diversity of these tasks, as well as the fact that
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DC-DC converters are nonlinear dynamic links, the
synthesis of HESS control systems is not an easy
task. Therefore, the latest modern methods of
nonlinear control are used for this: Sliding-Mode
Control [16-17], Model Predictive Control [18],
Fraction Order Control [19], Fuzzy Logic Control
[20], the use of Voltaire series theory and neural
networks [21], Flatness Control [22], Passivity-
Based Control (PBC) [23]. Among them, PBC and
its  structural  synthesis according to the
Interconnection and Damping Assignment (IDA)
procedure have a clear understanding of energy
patterns during the formation of control effects, as
well as ease of asymptotic stability of synthesized
systems [24]. According to the IDA-PBC method,
many control systems for nonlinear objects have
been successfully synthesized, including EMS for
control of HESS of a different structure in electric
vehicles: fuel cells—SC [25], fuel cells-B [26], B-SC
[27].

In our work, we have successfully applied PBC
to wind power facilities, as well as to B-SC HESS,
which are a multiply input multiply output (MIMO)
[23; 28-31]. In particular, in [23], reasonably simple
control structures were synthesized for semi-active
and fully active configurations of B-SC HESS; in
[29], the maximum B current was limited at a given
level by sliding switching between two synthesized
passive control systems — semi-active and fully
active configurations; and in [30], PBC was
successfully applied to the cascade structure of B-SC
HESS. The acquired experience of passive control
allowed us to develop a method of synthesis of all
possible control influences that ensure the stability
of the system. To do this, in the MathCad computing
environment it is necessary to develop an
appropriate program that, by symbolic solving a
system of nonlinear equations with predetermined
interconnections between system elements and
damping effects, quickly gives expressions for
control effects, if such ensure the stability of the
system. The developed methodology allows
reviewing the already obtained results of PBC of B-
SC HESS in the direction of improving the control
strategy of this object.

The purpose of this work is to improve the
structure of the PBC system of the fully active
configuration of B-SC HESS for better, compared to
existing systems, to meet the requirements of energy
management strategies. In particular, these are
elimination the static error of regulating the set
voltage values of the output DC-bus and the SC
bank, as well as providing a long time of increase
and decrease of the battery current and absence of
initial jumps of this current, which will significantly
increase the battery lifetime.

To achieve this goal it is necessary to solve the
following tasks:

*to develop a method for determining the
structures of control influences for the PBC system
with a fully active configuration B-SC HESS;

+ obtain all possible structures of control
influences and select options suitable for practical
implementation;

* to investigate the effectiveness of individual
elements included in the obtained structures of
control influences, and to determine their effective
combinations;

« to develop a method of parameters sequential
adjustment of control influences elements in
effective combinations;

« to confirm the effectiveness of the obtained
solutions by computer simulation of a specific B-SC
HESS.

2. MATHEMATICAL MODELING OF
B-SC HESS AS APORT-CONTROLLED
HAMILTONIAN SYSTEM

2.1. Mathematical description of B-SC HESS
of the active configuration

Fig. 2 shows a schematic diagram of the power
part of the B-SC HESS of active configuration [5].
This system uses the bidirectional DC-DC
converters to connect the B (DC/DC 1) and the SC
bank (DC/DC 2) to a DC-bus with the voltage Vpys.
This allows you to use B and SC bank with the
voltages of v, and vs, respectively that are lower
than vpys. The load in the system is simulated by the
back EMF E, with the internal resistance R, and
inductance L.

Load
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Ip Isc

CS(
"VSC I
T
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Fig. 2. Structure of B-SC HESS

Source: compiled by the author

Given the high frequency of PWM voltage, as
well as the continuity of currents in the inductors Ly
and L, the DC-DC converters can be considered as
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electronic DC voltage transformers. In this case,
instead of the voltage transformation coefficient
from the lower side to the higher, the voltage
transfer coefficient of the step-up DC-DC converter

can be used in the form (1 )", where z is the duty

cycle of the pulse converter [23]. With this in mind,
as well as neglecting the losses in semiconductor
devices of the DC-DC converters, the work of B-SC
HESS can be described by differential equations, the
number of which corresponds to the number of
elements in the system that accumulate energy
(inductors and capacitors) [23; 29]:

OT‘-tib=Lib[vb—ibRb—(1—;:1)vbus]; 2
%vbus :i[ug F-miy + Q- i -i]; ()
%isc :Lisc[vsc—iscRLsc M-y Vus)s (4)
e _Ciscisc; (%)

%i. :Lil(vbus—E,—R, i), (6)

where w1 and u, are the coefficients of the duty cycle
of the DC-DC converters connected to the B and the
SC bank, respectively (they form the control vector
n = [11 12]) and i is the load current consumed from
the DC-bus.

2.2. PCH representation of B-SC HESS

In order to construct the PBC system of B-SC
HESS, we present the latter, described by equations
(2)-(6), in the form of the port-controlled
Hamiltonian (PCH) system [24]:

X(t)=[36)-RENVH)+G(x) u(t),  (7)

where x(t) e R" is the system state vector,
J(x) e R"*" is the skew-symmetric matrix of system
interactions, R(x) e R"*" is the symmetric positive
damping (loss) matrix, H(x) is the energy function of
the system (Hamiltonian), D € R"*" is the diagonal
matrix of the system inertias, G(x) e R" is the port
matrix (inputs/outputs), and u(t) € R" is the vector of
input energy variables in the system.

The first and main step at this stage is to select
the state variables that make up the vector x. Here
are used two options. We will consider them in turn
and compare the results.

According to the first, as state variables, it is
possible to select measurable physical variables that
determine the amount of energy accumulated in the

reactive elements of the system — currents for
inductors and voltages for capacitors. In this case,
after analyzing the system, a matrix of our AB-SC
HESS in the Hamiltonian representation (7) will take
the following form:

T

X:[ib Vbus isc Vse il]; (8)
u=[v, 0 0 0 -E]; 9)
D=diag [L, Cpis L Co L. (10)

As a result, the total energy function of the
system is determined by a quadratic expression

sC

1. 1( . . .
H (X): EX Dx = E(Lb Ib2 + Cbusvbus2 + L Isc2 +Cy Vsc2 +L 'IZ)'(ll)

and the vector of its partial derivatives consists of
energy pulses of the system:

=Dx =‘:Lbib CousVous  Lscise  CseVse  Lidi :'T (12)

Based on (7)-(12), we can form the following
matrices of the system in the form

_ 1-m 0 0 0
Lbeus
1-m 1-m 0 o1
I-bcbus Lsccbus I-chus . (13)
1-u, 1 !
Jw)= o -——£= 0 0
Lsccbus Lsccsc
0 0 - ! 0 0
LscCsc
1
0 0 0
I-ICbus i

R =diag[RLb/Lﬁ 0 RLsc/Lic 0 RI/le] ; (14)

-t

G =diag[L,' C,. 0 0 L']. (15
According to another approach, state variables
should be chosen as energy pulses of the system,

suchas iL and v C [31].
In this case, after analyzing the matrix system of

our HESS in the Hamiltonian representation will
take the following form:

X= [Ib Lb Vbustus isc Lsc VscCsc iI I-I ]T ; (16)
u=[v, 0 0 0 -E]; (17)
D =diag [Lb Chus Lsc Csc LI] : (18)

As a result, the function of the total energy of
the system, which is calculated by a slightly
different expression, leads to the same result (11),
and the elements of the wvector of its partial
derivatives are the main variables of the system:
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1 . - 1 L2 2 L2
H(x):gx D X:E(Lblb +Chus Vous + Lecise +C

sc Vsc2 + I‘I ilz) ’ (19)

_ oH (x)

VH (x) ™

=D X :I:ib Vous s Vse U :IT(ZO)

The matrices of interconnections, damping and
ports will also look different:

0 » 0 0 0
- 0 -, 0 -1
Jp)=| 0w, 0 1 01; (21
0 -1 0
| 1 0 0 0]
R=diag[R, 0 R, 0 R|; (22
G=diag[l 1 0 0 1]. (23)

In order to further compare approaches to the
selection of state variables, we will synthesize PBC
systems based on the matrices obtained for both
cases.

3. SYNTHESIS OF THE PASSIVITY-BASED
CONTROL SYSTEM

3.1. Method IDA-PBC

The main idea of passive (energy-shaping)
control, in particular IDA-PBC, is the purposeful
formation of the energy function of the system and,
thus, the impact on the transient and steady-state
processes in it [26; 31]. In a closed loop system, the
desired energy function Hq is formed such that at its
minimum the system is at the desired equilibrium
point x. The synthesis of the PBC system is to find
such additional interconnections and damping that
will form the necessary Hg:

(24)

where x=x-X it is a new state vector defined as

the difference between the state vector x and the
desired vector x, what is the control task.

The structure of a closed PBC system, which is a
priori asymptotically stable, is described by the
following equation [24-32]:

X(t)=[34(X)- Ry (X)]VH4 (%),

where Jg and Ry are new matrices of
interconnections and damping of the desired closed
loop system.

The mentioned matrices of interconnections and
damping of the desired closed system consist of
interconnections and damping of the controlled

(25)

system and the energy-shaping passive-based control
system: Jy=J+J,, Ru= R+ R..

Thus, equating the right-hand sides of equations
(6) and (22) we obtain the basic equation for the
synthesis of the energy-shaping PBC system [23;
25]:

(34 —Rg)VH4 (X)=[I-R]VH(x)+G(x)u(r). (26)

In order to speed up the synthesis procedure, in
the mathematical package MathCad, we have
developed a program that allows you to specify the
matrices of the controlled object x, u, D, J, R, G, as
well as specify the structure of the matrices of the
control system J, and Ra, and get symbolic solutions
of equations (26), in particular the equations of
control influence former (CIF), which perform the
role of regulators in the PBC system. For this
system, these will be expressions for the elements of
the matrix p. If it is necessary to take into account
the features of the system or the desired control
laws, it is possible to set the values/expressions of
state variables at the equilibrium point. The program
also makes it possible to build regulators with the
formation of indirect control effects [32].

3.2. Energy management strategy

In order to form the desired equilibrium point
and features of this B-SC HESS, it is advisable to
form its EMS tasks:

— PBC system must maintain the DC-bus voltage
setpoint v, ;

— to ensure accidental producing and absorption
of energy with significant changes in load, the
control system must maintain the specified voltage
value of the SC bank v ;

— the B should provide energy exchange with the
load (during a long load) to a given current 1, .,

but the current change should be slow (which will
increase the lifetime of the B), relaying the rapid
transients of the load change on the SC bank;

— in the case of increase of the load power and
achievement by the battery current the maximum of

its value +I1, during the discharge/charge, it is

b.max ?
necessary to keep this value at the set level, and the
rest of loading power should be fulfilled by the SC
block; after reducing the power on the load, the
system must leave the limit.

Thus, in accordance with the generated EMS,
you can set the following values of state variables at
the desired equilibrium point:

*

|— * _ * * _ —I
X = Vbus EI . Vbus Vb* 0 V* Vbus EI (27)
us sc
R, Yy R,
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3.3.

To synthesize the control system, it is necessary
to specify the desired elements in the structure of
CIF.

Synthesis of CIF structures

In the general case, the matrices with CIF
elements, which determine its structure, can have the
following form:

0 - j12 - j13 - j14 - j15
j12 0 _j23 _j24 _jzs
Ja(m)=]Js 0 —Ju —lss|:(28)
VR YR 0 -l
Lhis  Jas s das 0 |
R, =diag [rll o T3z Ty rss] (29)

By setting these or other elements of the matrices
J. and R, zero values, you can change the structure
of the CIF of PBC system.

For example, we define the structure when only
jos and rs3; are non-zero elements of matrices.
Solving in symbolic form the vector-matrix equation
(26) with the help of created in MathCad program,
we synthesize the next structures of CIF:

—1I) when state variables are i or v:

V,

Uy =1-4 =2

J Vbus ,(30)
| _ Vst: + j23 Lsccsc (Vbus _Vbtjs ) + I3 isc Lic

U,=1-4, m
{ Vbus

—II) when state variablesare i L or vC

( v
U =1l-y= b
Vbus
. . . (31)
| Vsc Sl P (Vbus _Vbus ) RELECLNS
LU 2 =14, = -
Vbus

It can be seen, as a result of the synthesis of the
energy-shaping system of PBC, simple expressions
of the CIF were obtained. For different cases of the
selection of state variables, similar expressions (30)
and (31) are obtained, which differ only in the
presence of constant parameters at the coefficients of
the CIF elements, which will be taken into account
in their parametric substantiation.

For the PBC system of B-SC HESS, all elements
of the matrices J, and R, have studied alternately
with the help of the developed program and
thestructures of CIF were obtained, which are
summarized in Table. 1. According to its structure,
Table. 1 corresponds to the upper right corner of the
matrix J, (30) together with the diagonal elements
corresponding to the matrix R, (29).

4. STUDY OF THE OBTAINED
STRUCTURES OF CIF BY COMPUTER
SIMULATION

To study the obtained CIF structures and find the
rational parameters of their elements, a computer
model of the B-SC HESS was created in the
Matlab/Simulink environment (Fig. 3). To build the
model, the subsystems of the electrochemical battery
Battery AB, the SC bank Supercapacitor SC and
the DC-DC converters DC-DC 1 and DC-DC 2,
available in the latest versions of the SimScape
library, were wused. The parameters of the
experimental B-SC HESS were chosen as follows.

— Battery: type Lead-Acid, nominal voltage 24
V, rated capacity 100 Ah;

— Supercapacitor: type Maxwell BCAP650K04,
nominal voltage 2.7 V, rated capacitance 650 F,
equivalent DC series resistance 0.8 mQ, series-
connected SCs in the bank 14;

— DC-DC convertors: average model/

Other elements in the model had the following
parameters: L, = 1.0 mH, Ry, = 0.02 Q, Lsc = 1.0 mH,
Ree = 0.02 Q, Li = 1.0 mH, R = 0.25 Q, Cpys = 4.7
mF. System references: v,,. = 48 V, v, = 30V,

I o =40 A

The investigated variants of CIF are placed in the
Control Subsystem, which generate control signals
U: and U for the first DC-DC 1 and the second DC-
DC 2 DC-DC converters, receiving signals from the
current and voltage sensors. The Battery Current
Saturation Subsystem performs the function of

limiting the maximum battery current at the level
+1, _ (Fig. 4). This is achieved by means of two PI

current regulators P1 regl and PI reg2, respectively,
for both directions of current, for which the control
switching is carried out by the Switch3. Switching
to current limiting mode is carried out by two
switches Switchl and Switch2 in the sliding mode,
which is formed for both directions of current by
relay regulators Relayl and Relay2, respectively,
for both directions of current. The transition of the
system to the battery current limiting mode actually
reduces by one the order of the PBC system (from 5
to 4) [29].

Analysis of the obtained CIF structures presented
in Table. 1 shows that only a small part of them are
effective, i.e. has an additional effect compared to
the basic CIF (32). These are CIFs with
interconnections ji2 (33), ju (34), j23 (35), ja (36),
and damping rs3  (37). CIFs with other
interconnections and dampings are either ineffective,
i.e. have a basic structure (32), or do not exist, or
their structure is complex and not suitable for
practical implementation (requires many coordinate
Sensors).
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Table 1. The obtained CIF structures for all elements of the matrices J, and R,

2 3 4 5
1 . .
U - Yy . (vbus _Vbus) U = vy . (VSc _Vsc)
1__*+J12—*; ; ) 1__*+J14—*1 ;
bus Vius Complex implementation bus Vious Does not exist
Vv, v,
U, = o= (33) U= ot (32)
bus bus
2 v, v, v v
U, =—2, (32) U, =—, (35) U =—, (32) U, =—2,(32
Vbus Vbus Vbus Vbus
U2 _ Vic U. = Vs;. + J (Vbus VbTAs) U2 = Vic U2 = Vic
Vbus 2 Vb*us 2z Vbtls ths Vbus
3 v, vy
U= (37) U= (36) Complex
e bus implementation
\Y r,i * —
UZ — ic + 33*sc U _ Vsc + J (Vsc VM )
Vbus Vbus 2 Vb*us 34 Vb*us
4 v v
@ g e
U Ve U - Ve
2 VbTJS . 2 VbTJS
5 v,
U, =—, (32
Vbus
U _ VSZ
’ Vb*us
Source: compiled by the author

2Average
Lb, Rb D Fcle 14
e O AT =T

" @ - - h £ +
bottory A5 - DC-DC1 c :1: @ E .
' ’_. Vbus i

: <Current (A

<Voltage ('

@._.

Average

Lsc, Rsc
+ o—a AN~ W-o—a(A @ +

DC-DC2 Ib
W e

u1 P U1

<Current (A)> W

<Voltage (M)>

Super

scC
[Vbus] Vbus

Battery Current

Control ¢
Subsystem Saturation Subsystem

Continuous

powergui

Fig. 3. Computer model of B-SC HESS

Source: compiled by the author
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Ib ‘ e’

Plregt Switch1

Ib.max* | | > 4 . W=
L] o
.

Switch3

Switch2

Ib.max*

Fig. 4. Battery Current Saturation Subsystem

Source: compiled by the author

If we compare them with the structure of the
interconnections of the object (13) and (21), the CIF
interconnections ji2, j2s and jas4 correspond to those
already present in the object, i.e. they can adjust
their action. And only interconnection jis iS new,
which is not in the object.

To ensure the formed control strategy, it is
necessary to investigate on the created computer
model, what action on the B-SC HESS is exerted by
separate effective elements of CIF, and then to
choose their best combination. Since these elements
form an additional effect to the basic CIF (32), the
basis for comparison will be the results of the
experimental B-SC HESS with the basic CIF, which
are presented in Fig. 5 (when the battery current
saturation is turned off). As can be seen from the
obtained time diagrams, under the influence of the
test load (Fig. 5a), which changes rapidly every 10s,
the studied system maintains the voltages of DC-bus
and SC bank at specified levels of 48 V and 30 V
respectively with large static errors (Fig. 5b and
Fig.5d). Rapid changes in the load current (Fig. 3f)
are handled by the SC bank (Fig. 5d), while the
battery current changes smoothly, but at the
beginning of each transient has a jump equal to
about half the steady-state (Fig. 5c).

Thus, the basic CIF basically performs all the
functions provided by the formed EMS, but there are
the above shortcomings in the transient and steady-
state modes of operation. In addition, the basic CIF
is not able to influence the load distribution between
the B and the SC bank in a steady-state, as well as
change the dynamics of transients, especially the
time of increase or decrease of the battery current,
which is an important condition for its saving work.
We will try to solve these problems by means of
other variants of the received effective CIF structure.

The interconnection ji» connects the variables of
the battery current and the DC-bus voltage. Fig. 6
presents time diagrams of some variables according
to the CIF (33), which is realized by means of the
DC-bus voltage feedback, where ji» = - 0.35. If we
compare the results with those corresponding to the

basic CIF, it is seen that the interconnection ji.
provides some deceleration of transients, reducing
the battery current in steady-state, and reduces the
initial jJump of this current by increasing the initial
current jump of the SC bank, which is a positive
result. However, this is accompanied by a negative
result — an increase in voltage errors of the DC-bus
and the SC bank in steady-state.
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Fig. 5. Time diagrams of main variables during
the operation of the experimental B-SC HESS
with the base CIF (32)

Source: compiled by the author

The interconnection ji4 connects the variables of
the battery current and the SC bank voltage and is
realized by SC bank voltage feedback. As shown by
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the results of computer simulation for the CIF (34)
with jiu = - 0.5, the interconnection ji4 accelerates
the transients and increases the relative magnitude of
the jump of this battery current at the beginning of
the transients. However, it reduces the voltage errors
of the DC-bus and the SC bank in steady-state
modes. That is, the effect of this interconnection is
the opposite of the interconnection ja..

ise, A

20

0 10 20 30 40 s0 IS

b

Fig. 6. Selected time diagrams of main variables
during the operation of the experimental B-SC HESS

with CIF with interconnection ji2
Source: compiled by the author

The interconnection jg; connects the variables
of the SC bank current and the DC-bus voltage.
Fig.7 shows the time diagrams of some variables
according to the CIF (35) with j3 = 0.5, which is
realized by means of feedback on the DC-bus
voltage. If we compare the results with those
corresponding to the base CIF, it is seen that the
interconnection jzs stretches the transient process of
the battery current change (switching the load in
Fig. 7 is carried out every 20 s), but does not affect
its value, as well as the voltage error of the DC-bus.
It also does not affect the initial current jumps in the
SC bank, but significantly increases the voltage
errors of the SC bank in steady-state.
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Fig. 7. Selected time diagrams of main variables
during the operation of the experimental B-SC HESS

with CIF with interconnection j23
Source: compiled by the author

The interconnection js4 connects the current and
voltage variables of the SC bank and is realized by
feedback on the SC bank voltage. As shown by the
results of computer simulation for the CIF (36) with
jaa = 0.6, the interconnection js4 provides some
deceleration of transients, has almost no effect on
the battery current in steady-state and transient
modes, as well as the DC-bus voltage. However, it
provides an increase in the initial current jump in the
SC bank, accompanied by an increase in the voltage
error of the SC bank in steady-state.

The damping rs; connects the current and voltage
variables of the SC bank. Fig. 8 presents time
diagrams of some variables according to the CIF
(37), which is realized by means of feedback on the
SC-block current, where rs; = - 0.03. If we compare
the obtained results with those corresponding to the
basic CIF, it is seen that the interconnection jss of
this polarity forces the transients in the whole
system by increasing the initial current jumps in the
SC bank. The voltage errors of the DC-bus and the
SC bank in steady-state modes are practically
unaffected.
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Fig. 8. Selected time diagrams of main variables
during the operation of the experimental B-SC
HESS with CIF with damping ras

Source: compiled by the author

The analysis of results of the carried-out
researches of the received CIFs shows that
interconnections ji2, jz3, jss and damping rss, are the
most suitable for the tasks of the formed EMS, while
the interconnection ji4 shows a contradictory result —
improves one at the expense of the other. Since the
main function of the interconnections j»3 and jas in
the control system is to slow down the transients of
the current change in the B. To obtain the final CIF
we use the superposition of the CIFs with the
interconnections ji» and jzs, which are realized by
joint feedback on DC-bus, as well as damping rss:
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Vb . (Vbus _Vbus)
U =——+1p

*

|
|
|

Vbus Vbus (38)
{UZ _ %4_ j23 (Vbus _*Vbus) i r33*isc
bus Vbus Vbus

5. SYNTHESIS OF THE FINAL CIF AND
THE SIMULATION RESULTS OF THE
STUDIED B-SC HESS

Computer experiments have shown that it is
advisable to adjust the CIF parameters in the
following sequence.

1. By setting in (40) j2s = 0 and rs3 = 0, choose
the value of the interconnection ji2, which will
provide the desired value of the battery current for a
given load current.

2. For the obtained value of ji2, choose a value of
rs3 that will remove the initial jumps of the battery
current.

3. For the obtained values of ji2 and rss, choose a
value of jo3 that will provide the required duration of
transients, i.e. the smoothness of the increase in the
battery current.

For the experimental B-SC HESS, by the
described method, the following settings of the CIF
(38) were obtained: ji2 = -0.35, j3 = 1.0 and r33 = -
0.035. The results of the HESS simulation showed
that the PBC system provides the required
smoothness of the battery current change and its
reduced values due to the operation of the SC bank.
However, there are significant errors in the set values
of the DC-bus voltage and the SC bank voltage. To
reduce them, it is advisable to introduce integral
components into the control system. Testing of a
number of variants of their inclusion showed that it is
enough to introduce only one integral component into
the feedback channel on the DC-bus voltage in
parallel to the interconnection ji2, as can be seen from
the computer model of the final CIF in Fig. 9.

Experiments have shown that a coefficient of
0.02 is sufficient for the integral component. The
results of the simulation of B-SC HESS with the
final CIF (38) during the experimental period are
shown in Fig. 10. Testing was performed with the
same changes in the EMF load (Fig. 10a), but with a
much larger step of its change — 60 s, because the
synthesized PBC system provides the desired
smoothness of the change in the battery current.

In the time interval 84...141 s, the system limits
the battery current to a given level of 40 A (Fig.
10c). The current coming from the output of the
converter DC-DC1 to the load is limited
accordingly. The remaining load current is provided
by the SC bank (Fig. 10d), the voltage of which
remains at 29 V (Fig. 10e). After the end of the
current limitation of the battery voltage, the voltage

of the SC bank is gradually restored to a given level
of 30 V due to its charging from the B through the
DC-bus.

@ ns

Fig. 9. Control Subsystem with the final CIF (38)

Source: compiled by the author
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Fig. 10. Time diagrams of main variables during
the operation of the experimental B-SC HESS
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From the obtained time diagrams it is seen that
the PBC system provides all the requirements
formed by the EMS, including the required accuracy
of maintaining the set values of DC-bus voltage
(Fig. 10b) and the voltage of the SC-block
(Fig. 10e).

CONCLUSIONS

The developed method of structural synthesis of
the PBC system has shown its effectiveness, as it
provided a quick solution in the symbolic form of a
complex vector-matrix equation and obtaining all
possible variants of CIF. The study of the latter by
computer simulation made it possible to form based
on superposition a variant of the CIF with the best
combination of interconnections and damping. In
addition, the problem of stabilizing the voltages of

the DC-bus and the SC bank and limiting the
maximum value of the battery current has also been
successfully solved.

The results of computer simulation of the
experimental B-SC HESS showed that the proposed
approach  has  significantly  improved the
performance of the PBC system on the set of tasks
that were laid down in the energy management
strategy. In particular, such a structure of the CIF
was found, which allows to set the required long
time of increase and decrease of the battery current
and insures absence of initial jumps of this current,
which will significantly increase the battery lifetime.
Thus for realization of PBC system, it is necessary
to apply three coordinate sensors: B voltage, SC
bank current, and the DC-bus voltage.
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AHOTALIS

CucremMn 30epiraHHs €JIEKTPUYHOI CHEprii € akTyalbHHM CyYacHHM HAampsSMKOM JOCIHiIKEHb, 3YMOBICHHM CTPIMKUM
PO3BHTKOM BiJIHOBIIIOBAHOI E€HEPreTHKUH Ta eNeKTpoMoOineOyayBaHHsA. Yepe3 BiICYTHICTP Ha JaHHA dYac JDKepena 4d
HarpoMaJpKyBada eNeKTPOEHEpTii 3 BUCOKAMH THTOMHMH ITOKa3HHKAMH €HEPTii Ta MOTYXHOCTi, HOTO 3aMiHIOIOTH TiOpHIHIMHU
crcteMaMy 30epiraHHsl eNeKTPUYHOI eHeprii, sKi CKIaJaloThCsl 3 OKPEeMHUX JUKEpel, IO JIOMOBHIOITH onHe oxHoro. Cepen HUX
KOMOIHaIlis eJIEKTPOXiMiuHA aKyMyJIATOpHAa Oarapess — CYNMEpKOHICHCATOPHHUI OJIOK € Haibinpin momupeHow. Y poOoTi
po3risaaeThes ii akTHBHA KOHDIrypallis, y sikiii o0uaBa JpKepena miIKIIueHI 10 BUXITHOT MEpeki Yepe3 TBOHATPAMIICHI IMITYJIbCHI
nepeTBOproBaui moctiitHoi Hampyru. JlocnmimkyBaHa TiOpuaHa aKyMyJsITOPHO-CYNEpKOHAEHCATOpHA CHCTEMa € HeNliHIHHOI0
JMHAMIYHOIO CHCTEMOIO 3 OaraThbMa BXoJaMH i OararbMa BUXOJaMH Ta JIBOMa KaHaJlaMH KepyBaHHs, poOoTa sSKoi onucaHa m'aThMa
mudepeHiaTbHIMHI PiBHSHHSIMHA. [I711 BUpINICHHS 3ajadi CHHTE3y CTaOlLIbHOI Ta e(heKTHBHOI CUCTEMH KEpyBaHHS IJISI TaKOTO
00’ekta y poOOTi 3aCTOCOBAHO CHEPTETHYHHHU MiJXiZ, a came eHepropopmyroue KepyBaHHs. g 1pOro JOCTiIKyBaHa CHCTEMa
MaTeMaTH4YHO ONHKCAaHA K raMiJIbTOHOBA CHCTEMa 3 KEPOBAHUMH MOPTAMHM, IPHYOMY MOPIBHSHO JiBa OMHUCH 3 PI3HUMH BapiaHTaMH
BHOOpY 0a30BOoro BekTopa craHy cucreMd. CTPYKTYPHHH CHHTE3 CHCTEMH MACHBHOTO KEpYBAaHHS IPOBOAMBCS 32 METOJOM
(GopMyBaHHS B3a€MO3B’SI3KIB Ta BBeleHHs jemipyBanb. Ha ocHOBI cdopmoBaHOi Ui JOCHIKYBaHOI CHCTEMH CTparteril
EHEPreTHYHOr0 MEHE/KMEHTY 3a JIONOMOror0 po3pobieHoi B cepenosuini MathCad komm’rotepHoi nporpaMu Gyl JOCTiIKEHi yci
MOJKJIMBI BapiaHTH BBEACHHS €HEPreTUYHNX B3a€MO3B’A3KIiB Ta JeMI(yBaHb y CUCTEMY ACHBHOIO KepyBaHHs. J{ieBiCTh OTpUMaHUX
CTPYKTYp (opMyBayiB KepylO4yHX BIUIMBIB Ha JOCIHI[DKyBaHy IMHAMi4HY CHCTEMY BHBYajacsi LULIXOM KOMII IOTEPHOTO
cuMmyIoBanHs B cepenopuii Matlab/Simulink. 3a pesynsratamu mocnmimkeHHs c)OPMOBAHO 3a MPUHIMIIOM CYIEPIIO3HULIT BapiaHT
(hopMyBauiB KepylOUHX BIUIMBIB 3 HAHKpaIIow KOMOIHAIIEI0 BBEICHHX B3a€MO3B’s3KiB Ta JAeMripyBaHb. s crabimizamii 3agaHIX
CTpaTeri€l0 KepyBaHHS 3HAYEHb HANPYT BUXIIHOI MEpexXi Ta CyNepKOHIEHCATOPHOro GJIOKA JTOAATKOBO 3aCTOCOBAHO MPOIMOPLiiHO-
IHTErpaJbHUI PEeryysITOp HANpyrH, a i OOMEXKEHHs JOMYCTHMOrO CTPyMY aKyMYJSTOPHOI Garapel — KOB3HHIl peryiasrop Mix
JIBOMa CTPYKTYypaMH MacHBHOTO KepyBaHHs. Pe3yiabTaTé KOMIT'IOTEPHOrO CHMYIIOBaHHS IOKa3ajd MOBHE BHKOHAHHS 3aBJaHb
cTparerii eHepreTHYHOr0 MEHEPKMEHTY, 30KpeMa IIJJaBHe HapOCTaHHs Ta 0OMEXEHHs CTPYMy aKyMyJSITOpHOT 6aTapei.

KurouoBi ciioBa: riOpuana cuctema 30epiraHHs eHeprii; akyMyJsITOPHO-CYIIEPKOHCHCATOPHA CHCTeMa; MaCUBHE KEPYBaHHS;
raMiJIbTOHOBA CHCTeMa 3 KEPOBAaHUMH TTIOPTAMH; CHHTE3 B3a€MO3B’3KiB 1 JeMidyBaHHs
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AHHOTAIMA

CucreMbl XpaHEHUs JJIEKTPUYECKON JHEPrHH SBIAIOTCS aKTyalbHBIM COBPEMEHHBIM HAIpaBJICHHEM HCCIEIOBaHUM,
0OYCIIOBIIEHHBIM CTPEMHTENIBHBIM Pa3BUTHEM BO300HOBISIEMOH HSHEPreTHKH M 3JIeKTpoMoOmiectpoeHus. M3-3a oTcyTcTBUS B
HacTOsIIee BpeMs HCTOYHHKA WJIH HAKOIIUTEIS JIEKTPOIHEPTHH C BBICOKMMH YACIBHBIMHU IT0Ka3aTeISIMU SHEPTUH U MOIITHOCTH, €ro
3aMEHSIOT THOPUIHBIMH CHCTEMaMH XPaHEHHUS JIEKTPUUECKON SHEPTUH, COCTOSIIUMHU M3 OTAEIBHBIX MCTOYHUKOB, JOIOJHSIOMINX
apyr npyra. Cpean HEX KOMOMHAIMS JIEKTPOXHMHUYECKAs aKKyMyJsTOpHas Oarapes — CyNepKOHACHCATOPHBINA OJOK SIBISETCS
HaunboJee pacrpocTpaHeHHO. B pabore paccmarpuBaeTcs ee akTUBHAsI KOHQUrypanus, B KOTOPOi 00a UCTOYHHMKA TOAKIIOUYEHBI K
BBIXOJHOHM ceTH depe3 JBYHANpaBICHHBIE MMITYJIbCHBIE MPeoOpa3oBaTeNd MOCTOSHHOTO HampspkeHus. Mccrmemyemast ruGpumHast
aKKyMYJIITOPHO-CYIIEpKOH/ICHCATOPHAS CHCTEMa SBIISICTCS] HETMHEHHOM TMHAMUYECKOH CHCTeMOI CO MHOTMMHU BXOJaMH, MHOTHMH
BBIXOJaMU M ABYMS KaHAJlaMH yIpaBieHHs, paboTa KOTOPOil omucaHa MAThIO AuGQepeHnnaaIbHbIMI ypaBHEHUSIMH. I permenus
3a7a4d CHUHTe3a CTAOWIBHOH M S((EKTHBHON CHUCTEMBI YIPaBICHUS IJISI TAKOTO O00BEKTa, B paboTe NMPUMEHEH SHepreTHYECKU
MOAXOA, a HMMEHHO eHeprodopmupymomiee ymnpasieHue. s sToro wucciienryemass CHCTeMa MaTeMaTHUECKH OIMCaHa Kak
raMHJIBTOHOBA CHCTEMA C YIPaBISIEMBIMH ITOPTaMHM, NPUYEM IIOJBEPTHYTHl CPABHEHUIO JBA OIMCAHMS C PA3INYHBIMU BapHaHTaMHU
BBIOOpa 0a30BOT0O BEKTOpAa COCTOSHUS CHCTeMBI. CTPYKTYPHBIN CHHTE3 CHCTEMBI IIACCHBHOTO YIIPABJICHUS MTPOBOAMICS MO METOLY
(hopMHpOBaHHS B3aUMOCBSI3€i 1 BBeleHHs AeMiipupoBaHuii. Ha ocHOBE C(OPMHUPOBAHHON IJISI HCCIIEAYEMOUW CHCTEMBI CTPATETHH
9HEPTEeTHYECKOTO0 MEHEPKMEHTA C MMOMOIIBI0 pa3paboTanHo# B cpeae MathCad koMIbI0TepHO# porpaMMBbl OBUTH HCCIICIOBAHBI BCE
BO3MOJKHBIE BapUAaHTHl BBEJICHUS SHEPreTHYECKHX B3aHMOCBS3eH M JeMI(HUPOBAHHA B CHCTEMY IACCHBHOTO YIIPABICHUS.
JIeliCTBEHHOCTD MOMYYCHHBIX CTPYKTYp (hopMHpOBaTeNel yNpaBIsSOIIUX BO3ACHCTBUI Ha MCCIEIyeMYI0 THHAMHYECKYIO CHCTEMY
M3ydallaCh MyTeM KOMIIBIOTCPHOTO CHMYNUpoBaHus B cpene Matlab/Simulink. B pesynbrate uccnenoBanus cOpPMHPOBaH MO
MPUHLMITY CYNEPNO3MIMH BapuaHT (OPMHUpOBATENCH YIPABIMIONMX BO3MSHCTBUIl ¢ Jy4iield KOMOWHAIMedl BBEIECHHBIX
B3auMOCBs3eit 1 nemibupoBanuii. s cTaOMIM3aINK 33JAHHBIX CTPATETHEH YIIPABICHUS 3HAUCHUN HAMPSHKCHUN BBIXOJHOU CETH U
CYNEPKOHJICHCATOPHOTO OJIOKa JOTOJHUTENEHO IPHUMEHEH MPONOPINOHAIBHO-HHTEIPATIbHBI PEryJsToOp HANpPsDKEHUs, a Julst
OTPAaHWYEHHS JOMYCTUMOTO TOKa aKKyMYJSTOPHOH Oarapen — CKONB3SIIUHA PEryIaTop MEXIy ABYMsS CTPYKTYypaMH IAaCCHBHOTO
ympaBieHus. Pe3ynpTaTsl KOMIIBIOTEPHOTO CHMYJIHPOBAHHMS ITOKA3alM MOJHOE BBIIONHEHHE 3aJad CTPATeTHH SHEPreTHYecKoro
MEHEDKMEHTa, B JaCTHOCTH IUTABHOE HAPACTaHWE W OTPAHMUYCHHS TOKa aKKyMYJISITOpHOI 6aTapen.

KnroueBble cioBa: ruOpuaHas cuCTeMa XpaHEHHs YHEPTHH; aKKyMyJISTOPHO-CYIEPKOHIEHCATOpHAs CHCTEMa; ITaCCHBHOE
yIpaBJIeHNEe; TaMUIBTOHOBA CHCTEMA C YIIPaBIsieMbIMHI OPTaMH; CHHTE3 B3aUMOCBSI3el U AeMIT(UPOBAHUS.
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