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Abstract: The bipolar DC microgrid topology is characterized by three voltage levels and is able to
transfer power more efficiently than a conventional DC microgrid. This paper proposes an advanced
control strategy aiming to ensure the voltage balancing between the upper and lower terminals of
a bipolar DC microgrid regardless of the distribution of loads. The proposed controller is based
on the backstepping method, which is well known for its the robustness and the global asymptotic
stability that can be guaranteed for the system. A particle swarm optimization algorithm has also
been adopted for an optimal design of the proposed controller parameters. Simulation results in a
Matlab/Simulink environment has been presented to verify the effectiveness and reliability of the
proposed voltage-balancing controller.

Keywords: voltage balancing control; bipolar DC microgrid; three-level DC-DC step-up converter

1. Introduction

A microgrid has been defined according to CORDIS Europe as an advanced electric
system formed of a series of electrical loads, power source elements (photovoltaic (PV)
systems, fuel cells, wind turbines, etc.) and storage (batteries, flywheel, compressed air, etc.)
connected to the local grid through a single point of connection The microgrid integrates
management strategies controlling both the energy flow within the microgrid itself and
the interchange of power with the supply grid [1]. One of the most important features of
microgrids is that they are able to operate in two modes: the grid-connected mode and the
islanded (off-grid) mode [2]. Microgrids can be built in rural and urban areas at multiple
scales: low (such as a house/building with PV panels), medium (such as a factory) and
large (such as a big university campus [3]).

Over the last two decades, significant progress has been made in DC/DC power
converters, energy storage technologies (batteries, supercapacitor, etc.) and DC-based dis-
tributed energy resources (solar photovoltaics, fuel cell, etc.) [4]. In addition, an increasing
number of DC-consuming devises such as LEDs, televisions, monitors and computers have
been integrated into buildings. In addition, and new emerging technologies such as electric
vehicles are DC [4]. Therefore, DC microgrids have become an attractive option and present
a promising alternative to the AC counterpart. Various research studies have been focused
on comparing the DC and AC microgrids [5-7]. It has been revealed that DC microgrids
can transmit significantly more energy through distribution lines and require fewer power
conversion stages, which decrease not only losses but also costs. DC microgrids present
higher levels of power quality that are strongly intertwined with voltage stability. Moreover,
DC microgrid control is simpler as there is no need for frequency synchronization and
reactive power management. Despite the multiple merits of DC microgrids [8], appropriate
control and safe design is always needed to avoid potential issues and maximize their
benefits [4].
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There are two wiring configurations of DC microgrids [9]: the unipolar (two-wire)
and the bipolar (three-wire) configurations. This paper particularly addresses the bipolar
configuration that generally offers two voltage levels: a positive to neutral or negative to
neutral voltage (350 V) and a positive to negative voltage (700 V), as shown in Figure 1.
A voltage level of £350 V has been considered in this paper since it is the most widely
adopted level at the low- to medium-voltage bipolar DC power distribution network [10].
Among the key features of the bipolar configuration is that the loads can be connected
at the appropriate voltage level due to the availability of two levels. Furthermore, the
bipolar system may potentially continue supplying the loads under fault occurrence or
loss of one pole. To summarize, the bipolar configuration has been proven to provide
additional merits compared to conventional unipolar DC microgrids, including a high level
of power transmission capability, reliability and efficiency [11]. Nevertheless, the bipolar
DC microgrids still encounter some challenges that are not yet fully investigated [12].
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Figure 1. The bipolar DC microgrid architecture.

First, the unequal load distribution across the positive and negative poles leads to
voltage unbalance in the bipolar DC microgrid, which is undesirable owing to its impact
on efficiency, power quality and stability [4]. To solve this problem, available literature
has proposed the so-called voltage balancer that is a power electronic block commonly
integrated with the grid-connected inverter, and it is able to equalize both poles’ voltages.
In [10], the authors provide a comprehensive analysis of voltage balancers and introduces
their different topologies. However, most studies have examined the voltage unbalance
issue in a bipolar DC microgrid operating in grid-connected mode. Very little research has
considered the islanded mode as well.

Otherwise, power electronic converters are fundamental elements in DC distribu-
tion. AC/DC and DC/DC converters are the two converter types commonly used in
DC microgrids. To achieve a robust and efficient DC microgrid, an accurate design and
control of the converters is required. Numerous studies have been conducted to improve
the AC/DC converter’s structure [13-15] and enhance the system stability by proposing
different linear [16] and nonlinear [17] control strategies. However, few studies on bipolar
DC microgrids have focused on proposing improved design and developing advanced
control techniques for DC/DC converters; the latter plays an equally essential role in DC
microgrids as the AC/DC converters.

Due to the large accessibility and abundance, the PV solar plant is one of the most
installed renewable power sources in DC microgrids. The PV system is connected to the
bipolar DC bus through a DC/DC converter as depicted in Figure 1. This converter is
the main interface that adapts the voltage level between the PV system and the DC bus.
The majority of studies [18] on bipolar DC microgrids are generally confined to classical
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DC/DC converter topologies such as the conventional boost converter. Nevertheless, when
the PV system is the principal power supply during islanded mode, the PV converter
becomes the key element that must maintain the stability and reliability of the microgrid.
Hence, more attentive design and control of the PV-connected DC/DC converter is needed.

The three-level boost converter topology shown in Figure 2 can be considered as a
good candidate for the PV-connected DC/DC converter on the bipolar DC microgrids.
This topology with two conversion stages can improve the system reliability. If an oper-
ational failure occurs in one stage or one DC bus, the converter continues working as a
conventional topology. Additional merits of this suggested converter topology are the
low switching losses, low voltage stress for semiconductor devices and reduced inductor
current ripples [19].

Bipolar dc
PVsystem Three-level dc-dc step-up converter microgrid
I 1 L D1 ol 1

Figure 2. The PV-connected DC/DC three-level boost converter topology.

This paper proposes a new robust voltage balance control based on a backstepping
approach for a PV-connected DC/DC three-level boost converter on bipolar DC microgrids.
The backstepping control method was chosen for its three significant superiorities com-
pared to other control methods, namely the global asymptotic stability, the robustness and
guaranteed transient performance.

The particle swarm optimization (PSO) algorithm is widely adopted as an optimized
tuner due to its easy execution, quick convergence and its computational efficiency [20].
Therefore, a PSO technique has been used in this study to optimally predict the design
parameters of the synthetized backstepping control law.

According to the above discussion, the contributions of this paper can be summarized
as follows:

1. A novel voltage-balancing control based on a backstepping approach was proposed
for a bipolar DC microgrid supplying unbalanced loads through a PV-fed three-level
boost DC/DC converter. The proposed control technique enables reliable and accurate
voltage balancing.

2. The PSO algorithm was used for an optimal estimation of the parameter’s values of
the proposed backstepping-based controller.

3. The present work is supported by a theoretical study and validated through simula-
tions under Matlab/Simulink.

The paper is structured as follows. The three-level DC/DC boost converter structure
and operation are introduced in Section 2. The proposed voltage-balancing control is
presented in detail in Section 3. In Section 4, simulation results verifying the working and
performance of the developed controller are discussed. Finally, the conclusion is drawn
in Section 5.

2. Three-Level DC/DC BoosT Converter
2.1. Topology Description
The three-level DC/DC boost converter (TLBC) topology shown in Figure 2 has three

connection points (labeled p, 0 and 1) enabling a three-terminal connection to the bipolar DC
microgrid presented in Figure 1 (positive, neutral and negative, respectively). It consists
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of two power switches (MOSFETs) M1 and M2, diodes D1 and D2, an inductor L and
two capacitors C1 and C2. Compared to other converters with the same function in the
literature, this converter is more economical as it uses only two switches and one inductor.
Among the main features of this topology are the low switching losses as one switch needs
to handle only half the DC output voltage when it conducts, and the low inductor current
ripple as the voltage across the inductor has three levels. Moreover, it is well known that
the PV system maximum voltage rating can easily exceed the range that a single switching
device can withstand. Therefore, the use of such multistage topology can be considered as
a suitable solution of this issue.

2.2. Topology Operation
2.2.1. Symmetrical Operation

In the TLBC, the switches are driven by two PWMs with the same duty cycle
(dy = dy = d € {0,1}) and a phase difference of 180°. During symmetrical operation,
capacitor voltages are considered equal V; = V,. As can be seen in Figure 3, the converter
operates in four principal states as follow:

Statel (Figure 3a): Both switches (M1 and M2) are ‘on’; the inductor is in charging
mode. The capacitors C1 and C2 discharge their energy into the load.

State2 (Figure 3b): M1 is ‘on” while M2 is ‘off’; the inductor can be in charging or
discharging mode depending on the operating region. C2 is in the charging mode and C1
is discharging.

State3 (Figure 3c): When M2 is “‘on” and M1 is ‘off’, the inductor can be in charging or
discharging mode depending on the operating region. C1 is in charging mode and C2 is
discharging.

State4 (Figure 3d): Both switches (M1 and M2) are ‘oft’; the inductor is in discharging
mode. The input source transmits energy to the output and satisfies the current demand
via both capacitors.
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Figure 3. Possible states of the three-level DC/DC boost converter in CCM: (a) Statel; (b) State2;
(c) State3; and (d) State4.
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The TLBC operates in two regions depending on whether the input voltage (Vpv)
is higher or lower than half of the output voltage (Vo = V1 + V;). Figure 4a shows the
waveforms for the first region: “Vpv > 1/2Vo” <=> “d < 0.5” and Figure 4b for the second
region: “Vi <1/2Vo” <=>“d > 0.5".
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Figure 4. Symmetrical operation of TLSC: (a) d > 0.5; and (b) d < 0.5 (i, is the inductor current).

With symmetry, V; and V; are theoretically balanced as the inductor charges the
capacitors alternatively.

2.2.2. Asymmetrical Operation

When the TLBC is used in the bipolar DC microgrid as presented in Figure 1, the
loads on the upper and lower terminals (positive to neutral and negative to neutral) are
generally not the same; hence, the load currents I1 and 12 will be unequal. These result in
asymmetrical operation as depicted in Figure 5. In this case, one of the capacitor voltages
go beyond the switch breakdown voltage, which may lead to switch damage. Therefore,
the converter must be controlled to keep the voltages across C1 and C2 balanced whatever
the nominal values of the connected loads.

(a) (b)
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Figure 5. Asymmetrical operation of TLBC: (a) d > 0.5; and (b) d < 0.5 (i, is the inductor current).
2.3. Mathematical Modeling

Operating in continuous conduction mode CCM, the corresponding model of each
state i € {1,2,3,4} has the form

x(t) = Ajx(t) + B; (1)
wherex = [ Vi ip V, ]T
inductor current.

is the state vector consists of voltages across capacitors and
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The final model of the converter is obtained by multiplexing all its four states as follows:

i = (A@Ez + Apdydy + Asdidy + A4d1d2) X+ (313132 + Bydydo + Badqda + B4d1d2> )

dy and d, are the duty cycles piloting M1 and M2, respectively; thus, they are control
variables representing the two switches’ states.
After substitution and simplification, we obtain:

. 1-d : A

0 _1

0 C1 Cl

. 1-d 1-d Vio
x=A(d)x+B= 1 0 -1 x(f) + I (7)

1-d I

0 _2

0 @) G

whered; =d, =d € {0,1}.

3. Proposed Voltage Balance Control

As aforementioned, the voltage balancing is required for appropriate operation of the
bipolar DC microgrid. Therefore, an efficient controller aiming to maintain the capacitor
voltages V1 and V; of the TLBC equal is developed in this section.
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3.1. Design of the Proposed Backstepping-Based Controller

The structural view of the proposed controller is illustrated in Figure 6. It is based on
a backstepping technique that has been proven very promising even for highly nonlinear
systems. This technique ensures global stability and strong robustness against all parameter
uncertainties [21]. The backstepping approach is a recursive strategy in which we can
systematically design both feedback control laws and related Lyapunov functions.

Three-level dc-dc step-up
converter

d1 d2
PWM generator
d
V1i-Va
>
Vv Voltage

- balancing
N I control based- ‘—@
1, | nonlinear (k1,k2)
I%' backstepping
— < 4 algorithm

Figure 6. Scheme of the proposed voltage-balancing control.

According to the discussion about the operation and the mathematical modeling
already given in Section 2, the obtained model of TLSC can be presented as below:

. X I
X = (1—d)é—ci1
. X1 X3 va
Yp=—-(1-d7-(1-d7T+~ 8)
- (1701)(’%7(%

wherex=[V; i W, ]T.
To simplify the backstepping controller design, Equation (8) is rearranged as follow:
Define the variables y; and y; as

Y1 =X1—X3
{ )
Yo = X2
Their derivatives are obtained as
= X1 — X
Y1 . 1 . 3 (10)
Yo =x2

From (8), we can form a new dynamic model as

a2 oLy,
h=-0(g g g+

(1—d) V
]/2:_ L y1+ zv

(11)

The procedure of designing the control law is described through the following steps:
Stepl:
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The errors are defined as
Z1=W1
Z2 =Y —

(12)

where 1 is the stabilizing function.
1
The objective is to make z; — 0. Consider a Lyapunov function V; = Ez%. Its time

derivative is V1 = z,z;.

From (11) and (12)
(Y, Lk
Zl_yl_(l d)(cl C2>y2 C1 C2
1 1 I I (13)
—(1— = Ly 22
t d><c1 C2>(ZZ+M) G * )
Thus,
1 1 1
1-0(&-S)ara-a(E-L)u
Vl =21 Cl C2 I I Cl C2 (14)
1,2
G G

V1 must be a negative definite to guarantee the global asymptotic stability. Therefore,
z,z1 < 0is a condition that can be imposed by taking the stabilizing function as

1 L b
= iz — 2L 22
NS p———
GG (15)
ki >0
We obtain . )
Vl = —k]Z% + (1 - d) (Cl - CZ)Z]ZZ (16)
and
= ki (1—d) (= 1)z (17)
1= —K1Zq GG 2
Obviously, if zp = 0, then V1 = —klz%, and z; is guaranteed to converge to zero
asymptotically.
Step2:
We derive the error z, as
dfdat . . .
=Yoo~ 7 2 =Yy— X
Based on (11), the time derivative of z; is
. 1-d v .
Zz=—( T )y1+%—zx1 (18)
The time derivative of &4 is obtained as
. 1 Y C | d L I
wy = (—kiz1 — =+ =) + (—kiz1 — = + =) (19)
A-d)(a - =) QA - @ G
G G G G
The Lyapunov function is chosen as
1,
Vo=V + =22 (20)

2
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The time derivative of the Lyapunov function is expressed as

Vo= V1422 (21)
Vz = —klzz +(1-4d) (1 — 1)2122 + 232
1 C, G
1 1 1—d) Ve .

1 1 1 % .
S A _ - = pe _
= klzl + 2o l:(l d) <C1 ) L)Zl + I 061:|

The derivative is negative definite by choosing

1 1 1 Vo .
As a result, the Lyapunov function derivative satisfies

where k1 > 0kp > 0.
From (18) and (23), the time derivative of the error is expressed as

. 1 1

Solving Equation (23) and using (19), the control law is synthetized as

/1 1 1 Vi
(1—d) KCl—CZ—L>y1+(k1+kz)y2+L

I 11) I 11)
kz L L G G G G

A Yt [k1y1+q—q}+11+11) 26)
C1 C2 C1 C2 Cl C2

(/1 1 1 d L L] _
41 =d) [(Cl G L>yl} * (i_i) klyl+Cz C =0
G G
3.2. Parameters Selection of the Proposed Backstepping-Based Controller

For an optimal backstepping controller design, the unknown parameters k; and k; in
the resulted control law shall be appropriately determined. The trial-and-error method
is commonly used in solving a parameter estimation issue for most nonlinear controllers.
However, such a method does not give the best setting of the parameters, and it is not
a good solution especially when the complexity of the system increases. To deal with
this issue, one of the different optimization algorithms presented in the literature, such
as a genetic algorithm, particle swarm optimization, random search methods, ant colony
optimization and shuffled frog leaping algorithm, can be employed. In this study, the
particle swarm optimization (PSO) algorithm has been adopted.

The PSO is an evolutionary algorithm introduced by Elberhat and Kennedy in 1995 [22].
It is inspired from swarm behavior such as fish schooling and bird flocking. The PSO algo-
rithm has been widely used for effectively solving optimization problems. It is characterized
by its high quality, easy implementation and efficient computational performance [20].

The PSO algorithm is first initialized with a population of random particles and then
searches the best solution through continuous process updates. An arbitrary velocity is
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assigned to each particle for propagating in the search space toward the optimum. Each
particle has a memory used to remember the best previous position reached by it, which
is named the personal best position (Pye). The particle with the best Py, in the total
swarm is called the global best particle (g4.st). Consider swarm-enclosed n-particles moving
in a d-dimensional search space; the ith particle of the population can be defined by the
d-dimensional vector Xi = (x;1, Xj2 ... Xj7) and its velocity can be represented by another
d-dimensional vector as Vi = (vj1, i3 . .. vj3). The following two equations (Equations (27)
and (28)) are used to define the update of the particle’s position.
Vﬁ*l::wVﬁ%—qupﬂ“%ﬂ——x%(ﬂ}+w3m[x%m(ﬂ——xg(ﬂ} (27)

i
N+ 1) = by (1) — VET (£ +1) (28)

where w is inertia weight, k is the number of iterations, c¢; and ¢, are called acceleration
factors and r; and r, are random numbers uniformly distributed in the range [0, 1].

In this study, two parameters need to be optimally predicted: k1 and k;. The position
can be defined as:

e:/m—wﬁwt (29)

where t, is the time variable. The flowchart in Figure 7 illustrates the implementation of
the PSO for parameters estimation of the proposed backstepping controller. The values
assigned to the PSO algorithm parameters in this study are given in Table 1. The simulation
is performed using Matlab/Simulink. More simulation details are provided in Table 2.
For the PSO search processing in the simulation, after 50 times iterations, the convergence
plot and the trend of the best global position is obtained as depicted in Figure 8. The best
global position e decreases and gradually maintains its stability with the iterations number
increasing. At the end of program, the obtained parameters values are k; = 1200 and
ko = 154.

Table 1. The parameters values of the PSO algorithm.

Parameter Value
Search space dimension d 2
Maximum number of iterations ky,y 50
Number of particles n 100
C1 0.8
Co 1.2
Inertia weight w 0.8

Table 2. Simulation specifications.

Parameter Value
No. of cells per module 96
Parallel strings 66
PV array 100 kW (Sunpower Series CS(;lnnecFed modules per string 5
SPR-305E-WHT-D) ort C.H'Cll.lt current I 596 A
Open circuit voltage Voc 64.2V
Maximum power Pmpp 3052 W
Voltage at maximum power point Vimpp 547V
Current at maximum power point Impp 558 A
Parameter Value
Output DC voltage (2V4.) 2 x350V
Three-level boost converter Switching frequency 30 kHz
Capacitors C; & Cp 1000 uF

Inductor L 270 uH
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Update the setting of backstepping
parameters (k; & k))
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Figure 7. The PSO algorithm for optimal estimation of the backstepping controller parameters.

x104 '

0 10 20 30 40 50
Iterations
Figure 8. Trend of the best global position.

4. Simulation Results

In this section, simulation results are provided to validate the proposed controller for
voltage balancing of a bipolar DC microgrid. Simulations are executed using MATLAB™ /
Simulink. The parameters used in the simulation are listed in Table 2.

Two main scenarios verifying the performance of the designed voltage-balancing
controller and highlighting its importance in solving the imbalance issue in the bipolar DC
microgrid caused by the asymmetrical loading were examined.

Scenariol:
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First, the studied system was simulated without and with the voltage-balancing
controller. In this test, resistive loads with different values were connected to the TLSC
output (upper (positive to neutral) and lower (negative to neutral) terminals of the bipolar
DC bus) to yield the voltage imbalance. The resulting waveforms are plotted in Figure 9.
Before using the voltage-balancing control, there was a mismatch of about 267 V between
the capacitor voltages Vi and V,. Once the voltage-balancing control loop was applied at
0.3 s, V1 and V; became equal, and the voltage balancing was immediately achieved. The
proposed controller forced the difference between V; and V; to be zero.

500 —— P —
7/
S‘ I X:0.1702 X:0495
;’ 400 ‘\ Y:483.5 “ Y:350.3
‘ | WP - —reeremrerene
> | - =
S 300
5 \
>
- L |
o 1
B i r X:0.1793 | v,
@ Y:216.8 ||
& 100 I v,
(8] |
|
0
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s)

Figure 9. Voltages of the upper and lower terminals before and after applying the voltage-balancing
control loop.

Scenario2:

In this scenario, the robustness of the proposed voltage-balancing controller was tested
under varying load currents I; and I, as shown in Figure 10a. The obtained waveforms
of the inductor current (ip) and the voltages (V1, V2, 2V4.) are depicted in Figure 10. As
can be seen, the developed controller kept the voltages of both terminals (V; and V;)
equal (350 V) despite the different step changes of the load currents. Hence, the proposed
voltage-balancing controller showed good performance in terms of reliability.

(a) (b)
250
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5
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=3
1 o
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3
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L
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0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
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Figure 10. The proposed voltage-balancing controller under varying loads current: (a) Output
currents; (b) Inductor current; (c) Capacitor voltages; and (d) Output voltage.
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5. Conclusions

In this paper, an advanced voltage-balancing control has been developed for a bipolar
DC microgrid supplying unbalanced loads through a PV-fed three-level boost DC/DC
converter. This converter topology was chosen in this study due to its merits compared
to the conventional boost converter commonly used in DC microgrids, including higher
reliability and efficiency. Moreover, the proposed voltage-balancing control strategy is
based on a nonlinear backstepping approach, which ensures the robustness and the global
asymptotic stability of the system proven throughout Lyapunov stability criteria To enhance
the dynamic performance of the proposed controller, PSO has been used for optimal estima-
tion of its design parameters. The theoretical analysis was validated through simulations
under Matlab/Simulink. The simulation results demonstrated the good performance of
the proposed controller in terms of robustness and the settling time that is extremely small.
Accordingly, the voltages of the upper (positive to neutral) and lower (negative to neutral)
terminals of the bipolar DC microgrid are perfectly balanced, and the reliability of this
system is improved. In future works, the proposed voltage-balancing control should be
investigated experimentally.
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DC Direct Current
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