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ABSTRACT The photovoltaic-battery DC microgrid is a new type of power system supply architecture that
can effectively utilize renewable energy and is suitable for modern DC electrical equipment. In this paper,
a fast and efficient maximum power point tracking (MPPT) photovoltaic (PV) control method and a battery
energy storage system (BESS) bus control method are proposed to improve the PV utilization and the bus
voltage performance. Firstly, the principle of photovoltaic-battery and power balance is analyzed, and the
mathematical model of each distributed generation in the DC microgrid is derived. Secondly, by introducing
the voltage increment and time-varying smoothing factor, the exponential variable step perturbation and
observation method for PV controller is proposed to accelerate the MPPT process. Considering the intermit-
tent disturbance of PV energy absorption and large power fluctuation on the DC bus, parameters of BESS
voltage controller are optimized by the improved seeker optimization algorithm (ISOA) which is improved by
the variational Cauchy operator and chaotic initialization optimization strategy. Furthermore, to improve the
voltage closed-loop response speed and reduce the hysteresis characteristics, a feed-forward compensation
strategy is designed. Finally, multi-scheme simulation analyses are implemented in MATLAB/Simulink.
Compared with the simulation results of traditional control method, the proposed method reduces the average
voltage ripple percentage from 3% to 1% and improves the MPPT response speed from 70ms to 10ms. The
simulation results verified the correctness and effectiveness of the proposed method.

INDEX TERMS DC microgrid, voltage stabilization control, PID control, seeker optimization algorithm,
maximum power point tracking.

I. INTRODUCTION

The photovoltaic-battery DC microgrid is an applicable
structure of renewable energy with high efficiency in absorb-
ing PV energy and flexibility in meeting the DC demand.
And it is receiving increasing attention [1], [2], [3]. In a
photovoltaic-battery DC microgrid, the PV system and BESS
are connected to the DC bus through a power electronic
converter. To utilize more renewable energy, the PV system
is often set up as the main power supply and the BESS
as an auxiliary power supply, which maintains the power
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balance in the DC microgrid and suppresses fluctuations in
the DC bus voltage by charging and discharging. Although
DC microgrid do not need to consider the complex issues of
reactive power, frequency fluctuation, phase synchronization,
and tide current. The high-performance bus voltage control
method is an important research point in photovoltaic-battery
DC microgrid. Because there are highly non-linear charac-
teristics of power electronic system, the complex intermittent
characteristics of PV system, and the randomly changing load
demand [4], [5], [6].

Traditional methods make it difficult to meet the power
supply requirements of dynamic loads because they lack
robustness to complex sunlight intensity and environmental
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changes. Therefore, power management and non-linear con-
trol strategies need to be designed based on the output
characteristics of each source and the dynamic mathematical
model of the power electronic interface converter to ensure
dynamic robust stability of the DC bus voltage. For example,
reference [7] proposes a DC microgrid architecture for PV
and BESS and designs an energy management strategy for
optimal power flow to maintain the bus voltage and meet
the load demand. Reference [8] proposes an isolated DC
microgrid structure with PV, diesel generator, and BESS, and
the energy management of all three is used to maintain the
bus voltage stability. References [7] and [8] focus on the
steady-state equations of each source and use the average
energy model calculation to manage the output of each source
to achieve power balance and voltage stability in the network.

Renewable energy has the characteristic of intermittent
output, so the design of controllers is important. Reference [9]
proposes a combined strategy of using gain scheduling
method and centralized fuzzy logic control method for DC
bus voltage control regulation to balance power dynamics
and stabilize bus voltage. Although fuzzy control is easy to
implement, further improvements are still needed in terms of
logical rules and accuracy. Reference [10] proposed a model
predictive voltage control strategy that uses a power lin-
earization model to design closed-loop voltage control rules.
The predictive controller based on linear models is limited
to a limited operating range and accurate model parameter
identification, which is insufficient in terms of adaptability
to a wide operating range and robustness to suppress external
uncertainties. Reference [11] proposes an Active Disturbance
Rejection Control (ADRC) to control the charging and dis-
charging of BESS and DC bus voltages. ADRC has the
advantage of robustness in controlling model parameters and
external disturbances, but its selection and control rules need
to be optimized. Reference [12] proposes a nonlinear local
state feedback controller that can effectively regulate voltage
stability, but it is limited to constant load microgrids. Refer-
ence [13] proposes a PL-PI controller based on fuzzy logic for
DC bus voltage control and regulation. But it has the problem
of difficult parameter selection. Reference [14] proposes a
controller designed based on backstepping method, which
can effectively improve the robustness of the system, but has
slight shortcomings in voltage balance and stability.

With the development of computational techniques, the
introduction of parameter tuning into algorithms has proven
to be a feasible and effective method. Genetic algorithms
(GA) in [15], ant colony optimization (ACO) algorithms
in [16], particle swarm optimization (PSO) algorithms in [17],
and other algorithms are used to regulate the parameters
of PID controllers. In the GA, the global search capability
is strong enough to reach the sub-optimal solution quickly,
but the local search capability is weak, and it often takes
much time to reach the optimal solution. ACO is easy to
deviate from the optimal solution if the parameters are not
set properly due to its complex parameter setting. PSO is not
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effective in practical production because it tends to produce
premature convergence and fall into local optimum solutions.
Compared to the above multiple optimization algorithms, the
seeker optimization algorithm (SOA) [18] has the advan-
tages of simplicity of principle, fast convergence, and high
search capability, but it still suffers from the disadvantages
of slowing down the search speed at an early stage and the
tendency to fall into a local optimum. To combat this prob-
lem, some scholars have proposed to introduce chaos theory
into optimization algorithms [19]. The chaotic initialization
is characterized by randomness, ergodicity, and regularity,
which can effectively improve the solution accuracy and
convergence performance of the algorithm.

This paper aims to design a high-performance control
system with optimal parameter tuning function to improve
control response speed, steady-state accuracy, and robust-
ness under complex photovoltaic-battery work conditions.
Proportional-integral-differential (PID) control method is one
of the most practiced and reliable traditional control meth-
ods in the current industrial control environment. The PID
controller has the advantages of strong stability, simple struc-
ture, easy implementation, robustness, and adaptability. It can
monitor the controlled system states and adjust them with
feedback in almost real-time. It also can conveniently reg-
ulate the control parameters according to different actual
conditions to adapt to diverse environments and require-
ments. However, the control parameters are often poorly
selected due to the complicated method of parameter turning,
which leads to poor final performance in the production
process. To improve the performance of the bus voltage of the
photovoltaic-battery DC microgrid, this paper improves the
SOA by introducing a chaotic initialization strategy and vari-
ational Cauchy operator. Using the improved SOA (ISOA),
the parameters of the PID controller are optimized. By fur-
ther adopting the feed-forward control strategy to suppress
disturbances, it improves the DC bus voltage control response
speed, accuracy, and the robustness.

In summary, the main contributions of this paper include:
(1) The principle of photovoltaic-battery and power balance
is analyzed, and the mathematical model of PV system and
BESS in the DC microgrid is derived. (2) By introducing the
PV voltage increment and time-varying smoothing factor, the
MPPT PV controller with exponential variable step pertur-
bation and observation method is developed to improve the
operation efficiency. (3) Considering the intermittent distur-
bance of PV energy absorption and large power fluctuation
on the DC bus, parameters of BESS voltage controller are
optimized by the ISOA. (4) A DC bus voltage feed-forward
controller is designed for BESS to realize the reasonable
distribution of photovoltaic-battery power and the dynamic
stabilization control of bus voltage. (5) The correctness and
effectiveness of the proposed control method are verified by
multi-scheme MATLAB/Simulink digital simulation.

The paper is organized as follows: Section II describes
the working principle and mathematical modeling of
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photovoltaic-battery DC microgrid. In Section III, the MPPT
controller for PV system and the ISOA-PID voltage controller
for BESS are designed respectively. In Section IV, four sim-
ulation schemes, as well as three operation conditions are
designed, and the correctness and effectiveness of the control
method proposed in this paper are verified by the simulation
comparison results. Finally, the research conclusions and
future research trends of this paper are described in Section V.

Il. WORKING PRINCIPLE AND MATHEMATICAL
MODELING OF PHOTOVOLTAIC-BATTERY DC MICROGRID
A. STRUCTURE OF PHOTOVOLTAIC-BATTERY DC
MICROGRID

Fig.1 shows the overall structure of the photovoltaic-battery
DC microgrid, including components such as the PV system,
the BESS, and the DC load. Py, Ppess, Pioad» and Py, are the
PV output power, BESS output power, load power, and total
bus power, respectively. V4. and Cy. are the bus voltage and
bus equivalent capacitance, respectively.

To maximize the utilization of renewable energy, the PV
system is configured as a power main supply, connected to the
common DC bus via a DC-DC boost converter. The BESS is
an energy storage and stabilization power supply, connected
to the DC bus via a bi-directional DC-DC converter. The
BESS stores excess energy generating from the PV system
under strong sunlight conditions and releases energy to DC
microgrid under heavy load conditions. It maintains bus
voltage dynamic stability through fast charge and discharge
control.

PV BUS
DC :
| e o
P.. =
p P load

g_ DC e < > Ve I Cd(

FIGURE 1. Typical structure of DC microgrid system.

B. PRINCIPLE OF DC BUS POWER BALANCING

According to the power conservation principle, the total
power Py, balance equation of the photovoltaic-battery DC
microgrid can be expressed as

Pper = va + Ppess — Pload (D

The PV system operates in MPPT power generation mode
and outputs positive power to the microgrid. The BESS output
power is negative in charging mode and positive in discharg-
ing mode. For all operating conditions, ensuring constant DC
bus voltage is the primary task to ensure stable operation of
the microgrid. Therefore, under steady-state constant voltage
conditions, the input-output power on the bus remains zero,
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i.e. Py = 0. Under dynamic conditions, the relationship
between power and voltage can be expressed as:

vy 1

—=—P 2
Vde dr Coe net )

Thus, it is necessary to control the charging and discharg-
ing of the BESS based on the power fluctuations to ensure the
stability of the DC bus voltage.

C. MATHEMATICAL MODEL OF THE PV SYSTEM

Usually, the PV system consists of many individual PV cells
connected in series and parallel. These PV cells form a PV
array and use a DC-DC boost converter to match the output
voltage of the PV array with the DC microgrid common bus
voltage [20]. The equivalent circuit of a PV system is shown
in Fig.2.

—}—rm Bt
> + | + >
ipv i R L D Lol
PV Vv o CP" S Cdc_- Ve

FIGURE 2. Equivalent circuit of the PV system.

In Fig 2, V), Cpy, and i), are the PV array output voltage,
filter capacitor, and output current, respectively. Ry, D, Ly,
and iz are the boost converter resistor, diode, inductor, and
inductor current, respectively. i, is the DC system equivalent
load current.

The duty cycle control quantity of the power electronic
switch Sy is 1, then according to Kirchhoff’s circuit rule,
the mathematical model of the PV system shown in Fig.2 can
be expressed as [21].

1
Vpy = Cpr (ipv - iLl)

. 1

L1 = A (=Ruiz1 +vpy — (1 = 1) vae) (3)
1

o {_ L .

Vdc cn (I —p1)ip cn lol

The PV array is connected to the DC bus via a DC-DC
boost converter. Due to the intermittent nature of solar power,
the MPPT method is often used to control the boost converter
so that the output of the PV system is a Constant Power
Source (CPS).

D. MATHEMATICAL MODEL OF THE BESS

The BESS consists of a battery bank and a bi-directional
DC-DC converter, the equivalent circuit of which is shown
in Fig.3.

InFig.3, V, and C, are the BESS battery bank output termi-
nal voltage and filter capacitance, respectively. L, Ry, and
iz 2 are the inductor, inductor parasitic resistance, and inductor
current of the bi-directional DC-DC converter, respectively.
ig is the current flowing through the power electronic
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FIGURE 3. Equivalent circuit of the BESS.

switch S3. i,» is the DC system equivalent load current.
R is the resistive load. Pcpr, is the constant power load
power. And icps is the CPS output current.

The duty cycle control quantity of the power electronic
switch S; is 2, then according to Kirchhoff’s circuit rule,
the mathematical model of the BESS shown in Fig.3 can be
expressed as [22].

dvge . .
Cdc7 = (2i[2 — ip2
. vac . PcpL .
lpp = — + — Icps 4)
R Vde

VelL2 = Vicld

S2 and S3 operate in complementary conduction mode, the
inductor current dynamic equation can be expressed as
dir .
L27 = Vg + (avde + Rioipo )

When S3 is conducting, the converter works in buck mode
and the BESS is charging. When S; is conducting, the con-
verter works in boost mode and the BESS is discharging.
The BESS charging or discharging is controlled by adjusting
PWM duty cycle of the power electronic switch to maintain
DC bus voltage stability.

Ill. OPTIMAL DESIGN OF CONTROL METHODS

In DC microgrid, the individual distributed source parameters
are time-varying and non-linear, and the operating conditions
is complex, which makes it difficult to maintain a long-term
steady state. So robust and stable operation control of DC
microgrid is important.

Traditional PID control is a popular linear control method,
but its controller design is based on a model that adopts
approximate linearization treatment near the system equi-
librium point, and the actual control effect is not good.
This paper adopts variable step perturbation and observation
method MPPT control to improve the operating efficiency of
PV system according to the principle of maximum renewable
energy utilization, and uses ISOA-PID control for BESS to
obtain a good voltage robust control effect.

A. DESIGN OF MPPT CONTROLLER FOR THE PV SYSTEM

The PV cells’ output characteristics refer to the relationship
between the output power and output voltage, which is shown
in Fig.4. The PV cell’s V-I characteristics are non-linear.
In most of the working voltage range, the output current is
constant and is comparable to the short-circuit current. But
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when the output voltage is close to the open circuit voltage,
the current drops very quickly, making the output power
characteristics as a single-peak function with a maximum
power point (MPP).

PV cells should work at the MPP as much as possible
to increase the efficiency of the PV system. However, the
sunlight intensity and temperature are constantly changing in
practice. The principle of maximum power point tracking is to
adjust the equivalent input impedance through certain control
devices and strategies, so that the PV cells can obtain the
maximum possible output power. In fact, it is an autonomous
optimization process [23], [24].

The MPPT perturbation and observation method is simple
and easy to implement. However, it is influenced by the
perturbation step size so much that it cannot adapt to the
changing environment. The voltage tends to oscillate when
the perturbation step size is too large, and the tracking speed
is slow when the perturbation step size is too small. The
exponentially variable step method makes the step size larger
when it is far from the MPP and smaller when it is close to the
MPP. By combining the perturbation and observation method
with an exponentially variable step method, MPPT can be
achieved with excellent tracking speed and accuracy. In this
paper, MPPT control is based on the power variation expo-
nential variable step perturbation and observation method,
which is achieved by adjusting the duty cycle u1.

The proposed exponential variable step perturbation and
observation method introduces a time-varying smoothing
factor m for the voltage increment AU in the traditional
fixed-step perturbation and observation method. The value of
m is between (0,1), and it is related to the distance from the
MPP. When the distance to the MMP is far, m takes on a large
value. Conversely, m takes on a small value. This makes the
step size AU no longer a constant value, but a function related
to the time-varying coefficient m [25].

As shown in Fig.4, the slope of the P-U characteristic curve
is larger, and the AP increment is larger as the operating point
moves away from the MPP. The slope becomes smaller, and
the AP increment is smaller as the operating point approaches
the MPP. The magnitude of the value of m is changed depend-
ing on the variation of AP. The m takes on a large value when
AP is large, which near close to 1. When AP is small, m takes
on a small value. AP is mapped directly to the value of m
through the exponential function. The m takes on a value that

FIGURE 4. Schematic diagram of MPPT step change.
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changes in real-time as AP changes, and the expression is
m=1-exp(~API) ©)

The specific flow of the proposed exponential variable
step perturbation and observation method control is shown
in Fig.5. At the beginning, the method measures the U and /
at the current operating point and calculates the value of AP
and AU from the previous operating point. Then it obtains
the value of the time-varying factor m from the exponential
function operation to decide the step size at the next operat-
ing point. By comparing the positive and negative values of
APAU, the direction of disturbance of the given voltage ref-
erence at the next operating point, and the voltage reference
value U r*ef = Uy £mAU are finally obtained for the next

operating point.

Detection U, 1

}

Calculate P=U*I
dU=U(k)-U(k-1)
dP=P(k)-P(k-1)

Y N
‘dUdP>O
A 4

FIGURE 5. Flow of the proposed exponential variable step perturbation
and observation method control.

B. DESIGN OF THE ISOA-PID VOLTAGE CONTROLLER FOR
THE BESS

PID controllers are widely used in the field of DC microgrid
control, and in order to achieve better control effects, PID
parameter optimization is a hot research topic. It is of great
significance for the stability, reliability, and fast response
characteristics of the BESS control system. In this paper, the
seeker optimization algorithm (SOA) is proposed to improve
and optimize the performance of PID controllers. The PID
parameters are set as the search target, and the absolute value
of the error and the time integral of the squared control input
term as the optimization target. Then the optimal control
quantity of the system is obtained after iterative search and
calculation.

1) THE SOA PRINCIPLES ANALYSIS

SOA is a new type of intelligent algorithm for human popula-
tion behavior. It treats the set sum of search behaviors as the
initial population, and the behavior individuals as individual
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solutions. The algorithm’s inference judgment of position and
direction are achieved by simulating human search patterns,
and ultimately the optimal solution to the problem can be
obtained [26].

a: SELECTION OF THE FITNESS FUNCTION

This paper uses the error absolute integral value to construct
the minimum objective function to expect a suitable dynamic
iterative property to guide the algorithm to optimize in the
direction of the control objective. The constructed minimum
objective function f is defined as

| [meton + o . (k) 2 0

f=1%
| [ 100 + o+ s ek ]k, e <0
™

where 711, 172, and n3 are weights; e(k) is the system error; u(k)
is the control input. To meet the optimization requirements
and reduce the system error, making n;>n2, n1 + n2 = 1.
Usually, the penalty mechanism is used, where 11 = 0.999,
n2 = 0.001, and n3 = 100, to avoid overshoot.

b: DETERMINATION OF EXPLORATION STEP SIZE

SOA follows the seeker rules and uses the approximation
function of the fuzzy system with a Gaussian subordination
function to represent the search step fuzzy variables.

up (x) = &0/ ®)
where u4 is the Gaussian affiliation; x is the input variable; u
and ¢ are the parameters of the affiliation function. Using the
linear affiliation function, the best position corresponds to the
maximum affiliation value u,,,, = 1.0. Since the affiliation is
less than 0.0111 when the input exceeds [1-38, u + 38], it can
be ignored, i.e., the worst position corresponds to the smallest
affiliation u,,;;, = 0.0111, and the other positions correspond
t0 0.0111< u <1. The Gaussian distribution as Fig.6.

wjj=rand (u;, 1) j=1,2,---,D) 9
0.8 / \\
0.6 / \
/ \
/ \
04r // \\
\
02 X3
Y 0.011109
0 —_— 1 I 1 1 0
-4 3 2 -1 0 1 2 3 4

FIGURE 6. Gaussian distribution.

where u; is the affiliation of the objective function value i;
u; j is the affiliation of the objective function value i in the
j-dimensional search space; D is the dimension of the search
space. Because the optimization objective is the three param-
eters of the PID, D = 3.
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The search step a; ; is given by

ojj = (Si,jw/ —In (M,',j) (10)

where §; ; is the parameters of the Gaussian affiliation func-
tion; u; ; is the affiliation degrees of the search space objective
function. Its value is obtained by the following equations

Si,j =10 X |Xmax — Xmin| (11)
no=(T—-0/T (12)

where 1 is the inertia weight; x4, and x;,;;, are the positions
of the population’s maximum and minimum function values;
T and ¢ are the maximum number of iterations and the current
number of iterations, respectively.

c: DETERMINATION OF SEARCH DIRECTION

Analytical modeling of the egoist direction defined as d,, the
altruistic direction defined as d,, and the proactive direction
defined as d),. They can be expressed as

39(” = ?)best - ;(t)
do(t) = gpes — X(1) (13)
dy(1) = X(ty) — X(12)

where ppes; 1s the optimal position in individual history; gpes;
is the global historical optimal location; x(¢;) and x(#,) are the
optimal positions in {x(#-2), x(z-1), x(¢) }, respectively.

The search direction dy is determined using a random
weighted geometric average of the three directions which can
be expressed as

df(t) = Sig'l(nodp + mide + mady) (14)

where sign() is the sign function; m| and m; are real numbers
in the interval [0-1].

d: UPDATE OF INDIVIDUAL LOCATIONS

After getting the search step g; j and the search direction dy,
the individual position update is carried out. The updated
position x; j(t+1) can be expressed as

xij (1 + 1) = x5 (1) + o () dy (1) (15)

2) ISOA ALGORITHM

In order to solve the problem of low search efficiency in
the early stage and the inability to find the global optimal
solution due to local extremum in the later stage of the
SOA algorithm [27], ISOA based on the chaotic initialization
optimization strategy and the Cauchy variational operator is
proposed.

Compared with Square, Sine, and other mappings, Logistic
chaos mapping has the best performance, and can generate
more symmetric and uniform random number distribu-
tions [28], [29]. Therefore, in this paper, Logistic chaos
mapping function is chosen to iterate population.

X(® + 1) = ux(®) [1 — x(P)] (16)
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where @ is the number of iterations; u is the regulation
parameter (O<pu<1).
There generates arandom D-dimensional benchmark parti-

cle yo, in the interval (0,1), yo = (yo1, Y02, Y03, - -» Yor), then,
the set of chaotic populations y,1,; can be expressed as

Ynt1j = Wynj(1 — yu;j) a7

Next, map (0,1) into the search space [-I", I'] to obtain
the D-dimensional particle population x,11,; which can be
expressed as

X1, =T X 2 X ypp1;— D (18)

where n = 0,1,2,...,N,j = 1,2,..., D; N is the population
size and D is the search space dimension, there, N = 20 and
D =3.

The initial positions of the particle swarm obtained by the
logistic chaotic mapping function can effectively improve
the pre-search efficiency compared with the initial positions
obtained by pseudo-random numbers.

The Cauchy variational operator is introduced to solve the
phenomenon of falling into local extrema in the late stage of
the search. The performance of the Cauchy distribution is like
that of the Gaussian distribution, as shown in Fig. 7. The main
difference is that the Cauchy distribution function has longer
wings, and its generated random numbers have a wider range
of variances. So, the ability to jump out of the local optimal
solution in the process of algorithm position update becomes
stronger. The formula for the Cauchy variation is [30]
and [31]

19)

x!. rand (0,1) > p

At) = [xit’j x cauchy (0, 1), rand (0,1) <p
ij

where p is the random rate of variation; Cauchy (0,1) is the
standard Cauchy distribution function.

0.35
0.3 /\
0.25 / \
0.2 / \
/ \

015} / \

FIGURE 7. Cauchy distribution.

Then, using the Cauchy distribution to perform a mutation
operation on gpesr as

t+1 1
[ gbest,j _Mgbext,j +y X A1) (20)

y = e T
where y is the mutation weight; gpey; is the global optimal j
dimensional component; A is chosen as a constant, A = 10;
T is the maximum number of iterations and ¢ is the current
number of iterations.
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3) DESIGN OF FEED-FORWARD CONTROLLER BASED ON
ISOA

Considering the delay problem in the feed-back control pro-
cess of traditional PID control, which can cause control delay
or even failure, a feed-forward compensation PID control
method is proposed. The purpose is to reduce the system
tracking error by compensating PID with feed-forward com-
pensation. It can also ensure the fast response of the system,
improve the tracking accuracy of the controller and the con-
trol accuracy of the system. The principal block diagram is
shown in Fig.8.

r(s s ,(s)
—zj %)‘F G T

FIGURE 8. Block Diagram of Feed-forward PID Controller.

The system transfer function w,(s)/r(s) and the system
error transfer function e(s)/r(s) can be expressed as

wr(s) _ [Gpip(s) + Kr17(s) + KraF (s)] Gu (s)

r(s) 1 4+ Gpip(s)Gu(s)
«s) _ | _ [Gem() + Kni(s) + KpaF(9)] Gu ()
r(s) 1 + Gpip(s)Gp (5)

1= [Kp17() + Kp2# ()] Gu (s)
N L+ Gpip(s)Gm(s)

2n

where r(s) is the initial input signal; uq(s) is the voltage
input under the Rasch transform; GPID(s) is the PID transfer
function under the Rasch transform; e(s) is the speed track-
ing error under the Rasch transform; Kfl and Kf2 are both
feed-forward gain coefficients.

When Ky, 7(s) + K i*(s) = 1/Gpy(s), the system error can
be theoretically eliminated. Although the system error cannot
be eliminated in practice, it can be reduced to an acceptable
level. The robust control stability of the photovoltaic-battery
DC microgrid is greatly improved without affecting the sys-
tem stability as much as possible.

For cases where the PID sampling period Tc is short,
the continuous system can be converted directly into a dis-
crete system by PID discretization processing. Therefore, the
feed-forward compensated PID discrete control law can be
expressed as

k
ug(k) = Kpe(k) + K; > e(l) + Kq (e(k) — e(k — 1)
1=0
+ Kr17(k) + Kpai (k) (22)
For a photovoltaic-battery DC microgrid system with
non-linearity and hysteresis, it is difficult to adjust the param-

eters of a PID controller with a simple structure and easy
implementation. Therefore, PID parameters self-tuning based
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on ISOA is used to achieve global optimal control of the
system.

4) ISOA-PID CONTROL PRINCIPLE

Using the feed-forward compensation PID control method
based on the ISOA, the output speed tracking value and
its error value are optimized and processed separately. And
the three parameters K, K;, and K; of the controller are
adjusted to improve speed tracking accuracy and eliminate
speed tracking errors. The control system principle is shown
in Fig.9.

Fitness value

k
Photovoltaic-battery DC | @, (‘)
Microgrids | g

Feedforward control

FIGURE 9. Principal diagram of control system.

The flow of the ISOA-PID control method is as fol-
lows: @ Initialize the population and parameters with chaos.
@ Update the velocity and position of each particle. @ Evalu-
ate the fitness value of each particle and update the local and
global optimal position. @ Perform global optimal Cauchy
variation operation. ® Compare the population history opti-
mal position with the current individual optimal position, and
update and replace the population history optimal position

| Initializing Chaos Particles |
¥

A 4
| Update particle velocity and position |

Evaluate particles and update local
and global optimal positions
v
Cauchy variant operates on the
global optimal position

If the optimal solution is found,update
the current optimal solution.

v

Iteration number t=t+1

ether the iterations number
satisfies the max iterations numbe

| Output the optimal solution |

End

FIGURE 10. ISOA-PID flow chart.
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if the current individual optimal position is better. ® If the
termination condition is satisfied, output the optimal value
and optimal solution, otherwise, return to step @. The flow
chart of ISOA-PID is shown in Fig.10.

IV. SIMULATION VERIFICATION AND ANALYSIS

To verify the effectiveness and correctness of the proposed
control method for photovoltaic-battery DC microgrid, MAT-
LAB / Simulink is used for simulation research. The system
parameters are shown in Table 1.

TABLE 1. Circuit parameters of photovoltaic-battery DC microgrid.

PV system Numerical BESS module | Numerical
parameters values parameters values
Maximum 10kW oaeny. 100Ah
Opierait | 37ov | Onemaait |30y
ot | gaan | Crfpgtandd [
M?/)(g).lt%%\ger 30.2v stan(ﬁfrzdfg;lues 1000
pcl\\/zlvgi(r:rlllgrrgnt 8.1A Va?flzrsl(if?)rrsz 0.01H
Crindasd | o

vaVSatlauré(;ard smH

Ry standard | ¢ 9950

Costnderd |y

A. CONTROL VALIDATION OF THE PV SYSTEM
EXPONENTIAL VARIABLE STEP PERTURBATION

AND OBSERVATION METHOD

A real PV system consists of several PV cells, and its
maximum power is calculated by adding up the maximum
power of all PV cells. The maximum power of commonly
used PV cells in the market currently ranges from 200W
to 300W. To simulate real situations as much as possible,
in this paper, the PV system consists of 50 PV cells, each
with a maximum power of 200W under sunlight intensity
of 1600 m?/W on 25°C. To facilitate the establishment of
a simulation model, one PV cell was selected for MPPT
simulation in the PV system.

Set the initial sunlight intensity to 1400m*/W and the
temperature to 25°C. In this condition, the theoretical MPP
is 177.77W. Set the step size of traditional disturbance
observation to 0.1V. The simulation waveform diagram of
the exponential variable step perturbation and observation
method and the traditional disturbance observation method
of the PV MPPT control are shown in Fig.11.

As shown in Fig. 11 (a), the exponential variable step
disturbance observation method reaches stability in 10ms.
The traditional disturbance observation method reaches sta-
bility in 70ms. As shown in Fig. 11 (b), the output power of
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FIGURE 11. Simulation comparison diagram.

TABLE 2. Comparison of MPPT control result with different methods.

Speed ripple value
Method of (Wmax—
response Wmin)/Wtheoretical)
exponential variable ste
perturl;)ation and observatijn 10ms 0.07%
traditional disturbance and
70ms 2.81%o

observation method

the exponential variable step disturbance observation method
remains stable within the range of 177.757TW-177.77W, with
amplitude fluctuations of around 0.013W. Compared with the
theoretical value, its ripple is 0.07 %q. The amplitude fluctu-
ation of traditional disturbance observation method is 0.5W.
Compared with the theoretical value, its ripple is 2.81 %y.
The propose method energy loss of the PV system is small,
and it has high steady-state stability. It has better stability and
rapidity for the MPPT control of the PV system.

The ambient temperature is set to remain constant at
T = 25°C. The sunlight intensity is 1000W/m?2, 900W/m?2,
800W/m?2, and each phase is maintained for 0.2s, and then
returned to 1000W/m?. The MPPT simulation waveform of
the PV system with exponential variable step perturbation and
observation method is shown in Fig.12.

200
150

100

PodW

i
0 0.1 02 0.3 04 0.5 0.6 0.7 0.8
t/s

FIGURE 12. MPPT simulation of constant temperature and variable
sunlight intensity.

As shown in Fig.12, the response speed, steady-state sta-
bility, and dynamic transition process of the proposed MPPT

VOLUME 12, 2024



A. Wu et al.: Voltage Feed-Forward Control of PV-Battery DC Microgrid Based on ISOA

IEEE Access

control method are excellent when the ambient temperature
remains constant at T = 25°C and the sunlight intensity
changes at 0.2s, 0.4s, and 0.6s, respectively.

B. VERIFICATION OF ISOA-PID CONTROL FOR BESS
The preferred parameters in the ISOA-PID controller are:
® =100, n1 = 0.999, n2 = 0.001, n3 = 100, ; = 0.7 and
my = 0.45.

The preferred parameters in the traditional PID controller
are: K, = 0.03, K; = 0.001, Kz = 0.0002 [32].

1) CONDITION 1: CONSTANT SUNLIGHT INTENSITY AND
LOAD DEMAND

First, the PV system is set to operates under standard
atmospheric conditions, with an initial sunlight intensity
of 1000 W/m?2, a temperature of 25°C, and a rated bus
Vae = 600 V. Under this condition, it is assumed that the
sunlight intensity and load demand are constant, and the
output power of the PV system is lower than the load. The
DC-DC converter of the PV system and the bi-directional
DC-DC converter of the BESS are required to jointly output
power to meet the load demand.

At the initial moment of the simulation, the load consump-
tion is constant at Pcpy, = 3kW and icpy, = 5A according to
Ohm’s law. Fig.13(a)-(e) show the DC bus voltage, PV output
power, load power consumption, BESS power input, and load
current waveforms, respectively.

As shown in Fig.13(a), the bus voltage of the DC microgrid
is stable. The PID-controlled bus voltage shows oscillation,
with the highest value of 611 V, and the lowest value of 592 V.
The highest oscillation point of the ISOA-PID-controlled bus
voltage is 606 V, and the lowest oscillation point is 597 V.
This shows that the ISOA-PID is more stable and has less
oscillation than the PID.

As shown in Fig.13(b), the PV system reaches a steady
state at 0.2s. The MPPT control algorithm calculates that the
maximum output power is maintained at around 5kW, i.e.,
Ppy, = 5kW. The PV system output power is not affected by
the DC microgrid, but only by the sunlight radiation level and
temperature.

As shown in Fig.13(c), the load power consumption
reaches a steady state at 0.2s with a constant Pcpr, = 3kW,
indicating that the load power of the DC microgrid system
reaches balance with Pj,,q = 3kW.

As shown in Fig.13(d), the ISOA-PID controlled the power
waveform of the BESS. The BESS acts as a power source
to maintain the bus voltage and is used to absorb the excess
power from the PV system. The BESS reaches a steady state
at 0.2s. The BESS input power is maintained at around 2kW
and Ppess = —2kW. The load power consumption is equal
to the sum of the PV power consumption and the power
absorbed by the BESS. According to equation (1), the net grid
power Pp.; = OW, the bus voltage is stable and achieves the
desired result.
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FIGURE 13. Output characteristics of microgrid under condition 1.

As shown in Fig. 13(e), after the load current reaches the
steady state at 0.2s, the highest fluctuation value of PID
control icpr, = 5.1A, and the lowest fluctuation value icp;, =
4.95A. The highest fluctuation value of ISOA-PID control
is icpr = 5.03A, and the lowest fluctuation value is icp;, =
4.97A, which is stable at about SA. It is consistent with the
theoretical operation results from the simulation results.

The data from the above simulation results are shown in
Table 3. The proposed ISOA-PID control method is supe-
rior to the traditional PID control method in stabilizing bus
voltage oscillations and suppressing load current fluctuations
under constant conditions.

46075



IEEE Access

A. Wu et al.: Voltage Feed-Forward Control of PV-Battery DC Microgrid Based on ISOA

TABLE 3. Stability performance of two control methods under
condition 1.

Bus voltage Load current
ippl ippl
Control Highest Lowest rnpite :lpite
method oscillation | oscillation pereentage pereentage
value value ((Vmax- ((Tmaxx-
Vmin)/Vavg) Imin)/lavg)
PID 611V 592V 32% 3.0%
ISOA-PID 606V 597V 1.5% 1.2%

2) CONDITION 2: CONSTANT SUNLIGHT INTENSITY WITH
VARYING LOAD POWER

The condition is set to constant sunlight intensity, varying
load power, and the PV system output power lower than the
load. Under this condition, the DC-DC converter of the PV
system and the bi-directional DC-DC converter of the BESS
are required to jointly output power to meet the load demand.

At the initial moment of the simulation, the load consump-
tion is constant at Pcpr, = 3kW. The load consumption is
constant at Pcpr = 8kW after 0.5s. According to Ohm’s law,
the load current icp;, = 5A before 0.5s and icpr, = 13.33A
after 0.5s.

Fig.14 shows the simulation waveforms of DC bus voltage,
load power consumption, BESS power input, and load current
respectively.

As shown in Fig.14(a), the bus voltage of the PID DC
microgrid is stable. The highest oscillation value before 0.5s
is 619V, and the lowest oscillation value is 599V. After 0.5s,
the highest oscillation value is 604V, and the lowest oscil-
lation value is 583V. But about the ISOA-PID, the highest
oscillation value before 0.5s is 602V. The lowest oscillation
value is 599V. After 0.5s, the highest oscillation value is
604V, and the lowest oscillation value is 595V. This indicates
that ISOA-PID is more stable than PID and has a better
control effect.

As shown in Fig.14(b), the power load reaches a
steady state at 0.2s, with a constant load consumption of
Pcpr = 3kW before 0.5s and a constant Pcp;, = 8kW after
0.5s, Pjyaa = 3kW before 0.5s and maintained at Pj,,q = 8kKW
after 0.5s, indicating that the total power of the DC microgrid
system is balanced.

As shown in Fig.14(c), the BESS power is used to maintain
the bus voltage stable and to absorb or compensate for the
lack or excess power of the PV system. The BESS reaches the
steady state at 0.2s, the input power is maintained at around
2kW before 0.5s, i.e., Ppess = —2kW, and the output power is
maintained at around 3kW after 0.5s, i.e., Ppess = 3kW. The
dynamic transition time is about 0.02s, and the output power
is quickly switched. The load power consumption is equal
to the sum of the PV output power and the power provided
by the BESS. According to equation (1), the net grid power
Pre: = OW, the bus voltage is stable, and the desired result is
obtained.

As shown in Fig.14(d), after the load current reaches the
steady state at 0.2s, the load current icpy, is SA before 0.5s.
The load current icpy is 13.3A after 0.5s. ISOA-PID control is
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FIGURE 14. Output characteristics of microgrid under condition 2.

more stable than PID control, and the load current fluctuates
less.

As shown in Fig.14(e), the PID-controlled load current
icpr, reaches highest fluctuation value icp;, = 5.14A, and
lowest fluctuation value icp;, = 4.97A. ISOA-PID-controlled
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FIGURE 15. Output characteristics of microgrid under condition 3.

load current icpr reaches highest fluctuation value icpr =
5.04A, lowest fluctuation value icp;, = 4.98A, and stable at
about 5A, which is consistent with the theoretical simulation
calculation results.

As shown in Fig. 14(f), the PID-controlled load current icpy,
reaches highest fluctuation value icpr, = 13.51A, and lowest
fluctuation value icpr, = 13.10A. ISOA-PID-controlled load
current icpy, reaches highest fluctuation value icpp, = 13.49A,
lowest fluctuation value icpy = 13.20A, and stable at around
13.33, which is consistent with the theoretical simulation
calculation results.

The simulation results for working condition 2 are shown
in Table 4. The data analysis shows that the proposed
ISOA-PID control method has superior performance than the
traditional PID control method in terms of suppressing the
bus voltage oscillation and load current fluctuation under
conditions of constant sunlight intensity and changing load
demand.

3) CONDITION 3: BOTH SUNLIGHT INTENSITY AND LOAD
POWER VARY.

The condition is set to sunlight intensity and the load
demand changed. It requires the DC-DC converter of the

VOLUME 12, 2024

8000 T T T T

5 6000 1
2
A 4000 - T T T T 1
2000 : : : - S L !
0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
t/s
(b) Conditions 3 PV output power
4
T : : : :
3 0 %
17
%
s L I | I ——PID J
A ——ISOA-PID
K 1 1 1 | 1 I 1
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

t/s

(d) Condition 3 BESS ISOA-PID control of input power

T
5.05
< s
Gaost |
gk I I —PID
L —— ISOA-PID
485 | I | I |
0.2 025 03 035 04 045 05
t/s
(f) Condition 3 load current fluctuation before 0.5s
T T T T
——PID
136 ——ISOA-PID
< sk
E 13.5
O 1347
133
132 | h | | |
0.7 0.75 0.8 0.85 0.9 0.95 1
/s
(h) Condition 3 load current fluctuation after 0.7s

TABLE 4. Stability performance of two control methods under
condition 2.

bus voltage Load current
Ti Control Highest Lowest ripple ripple
1me AN e percentage percentage
method | oscillation | oscillation
value value (Vmax- ((max—
u Vmin)/Vavg) Imin)/lavg)
025 - PID 619V 599V 3.3% 3.4%
0.5s ISOA- o o
PID 602V 599V 0.5% 1.2%
PID 604V 583V 3.5% 3.1%
>0.5s
ISOA- o o
PID 604V 595V 1.5% 2.0%

PV system and the bi-directional DC-DC converter of the
BESS to charge and discharge to jointly adjust the power to

meet the load demand.

At the initial moment of the simulation, the load con-
sumption is constant at Pcp;, = 3kW and after 0.5s the load
consumption is constant at Pcpy, = 8kW. According to Ohm’s
law, the load current icp; = S5A before 0.5s and icpr =
13.33A after 0.5s. After 0.7s the sunlight intensity becomes
greater, rising from 1000W/m?” to 1500W/m?.
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Fig.15(a)-(h) show the simulated waveforms of DC bus
voltage, PV system output power, load power consumption,
BESS input power, and load current, respectively.

As shown in Fig.15(a), the bus voltage of the DC micro-
grid is stable. The PID-controlled bus voltage oscillation
fluctuates greatly, with the highest oscillation value being
605V and the lowest oscillation value being 595V between
0.25-0.5s. The highest oscillation value is 601V and the low-
est oscillation value is 590V between 0.5s-0.7s. The highest
oscillation value is 616V and the lowest oscillation value is
598V after 0.7s. While the ISOA-PID-controlled bus voltage
oscillates at a maximum of 601V and a minimum of 599V
between 0.2s-0.5s. The highest oscillation value is 600V and
the lowest oscillation value is 596V between 0.5s-0.7s. The
highest oscillation value is 601V and the lowest oscillation
value is 598V after 0.7s.

As shown in Fig.15(b), the PV system reaches the steady
state at 0.2s and the maximum output power is maintained
at around 5kW until 0.5s, i.e., Py, = SkW. After 0.7s it is
maintained at around 7kW, i.e., Py, = 7kW. The dynamic
transition process is smooth and rapid. The output power of
the entire PV system is not affected by the DC microgrid, but
only by the sunlight intensity and temperature.

As shown in Fig.15(c), the load power reaches the steady
state at 0.2s, with constant Pcp; = 3kW before 0.5s and
constant Pcpr = 8kW after 0.5s. i.e., Pjpaqd = 3kW before
0.5s and maintains Pj,,q = 8kW after 0.5s.

As shown in Fig.15(d), the BESS is in a bi-directional flow
state to maintain the bus voltage and compensate for or absorb
the lack of load power from the PV system. The BESS reaches
the steady state at 0.2s and is charging before 0.5s with power
maintained at around 2kW, Pp.ss = —2kW. After 0.5s it is
discharging, where the output power is maintained from 0.5s
to 0.7s at around Ppess = 3kW, and after 0.7s the output power
is maintained at around 1kW, Pp.s = 1kW. The load power
consumption is equal to the sum of the PV output power and
the power provided by the BESS, according to equation (1),
i.e., the net grid power P,.; = OW. The bus voltage is stable,
and the expected results are obtained. In addition, the tran-
sition process at the 0.5s and 0.7s moments is smooth and
fast.

As shown in Fig.15(e), after the load current reaches the
steady state at 0.2s, the load current icpy, is SA before 0.5s
and the load current icpy, is 13.3A after 0.5s. The ISOA-PID
control is more stable, and the load current fluctuates less than
the PID control.

As shown in Fig.15(f), the PID-controlled load current
icpr, highest fluctuation value icpr, = 5.06A, and the lowest
fluctuation value icp;, = 4.94A. The ISOA-PID-controlled
load current icpy, highest fluctuation value icpy, = 5.02A and
the lowest fluctuation value icp; = 4.98 A, which is stabilized
at around 5A.

As shown in Fig.15(g), the PID-controlled load current
icpr, has a maximum fluctuation value of icp;, = 13.41A and
a minimum fluctuation value of icp;, = 13.12A. The ISOA-
PID-controlled load current icp;, has a maximum fluctuation
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TABLE 5. Stability performance of two control methods under
condition 3.

bus voltage Load current
. Control ; ripple ripple
Time Highest Lowest
method oscillation | oscillation percentage percentage
value value (Vmax-— (Umaxx—
Vmin)/Vavg) | _Imin)/lavg)
02- PID 605V 595V 1.7% 2.4%
0.5s ISOA- ) .
PID 601V 599V 0.3% 0.8%
05- PID 601V 590V 1.8% 2.2%
0.7s Ii?g' 600V 596V 0.6% 0.8%
PID 616V 598V 3.0% 2.9%
>0.7s
ISOA- o o
PID 601V 598V 1.0% 0.7%

value of icp;, = 13.31A and a minimum fluctuation value of
icpr. = 13.20A, which is stabilized at around 13.33A.

As shown in Fig.15(h), the PID-controlled load current
icpr, has the highest fluctuation value icpp = 13.59A and
the lowest fluctuation value icp;, = 13.21A. The ISOA-PID-
controlled load current icpy has the highest fluctuation value
icer. = 13.35A and the lowest fluctuation value icpr =
13.26A, which is stable at around 13.33A. The above sim-
ulation results follow the theoretical calculation results.

The data from these simulations are shown in Table 5.
The analysis of the data shows that the proposed ISOA-PID
control method is superior to that of conventional PID control
method in stabilizing bus voltage oscillations and load current
fluctuations under the conditions of simultaneous changes in
sunlight intensity and load power.

V. CONCLUSION

Robust and stable control of bus voltage in DC microgrid is
the key issue to ensuring the reliability of the power supply.
This paper analyses the structure principle and bus voltage
regulation control of the photovoltaic-battery DC micro-
grid. An improved exponential variable step perturbation
and observation method is proposed to control its maximum
power output, and an ISOA-PID control method is proposed
for the bus voltage regulation and control demand of BESS.

According to the simulation analyses, the exponential vari-
able step perturbation and observation method has improved
the response speed from 70ms to 10ms compared with the
traditional perturbation and observation method. The ampli-
tude of the output power fluctuation is reduced from 0.5W to
0.013W, thus it can be concluded that the proposed exponen-
tial variable step perturbation and observation method has the
advantages of smaller energy loss, higher stability, and faster
response.

The stability performance of the voltage and current under
conventional PID control and ISOA-PID control are also
compared through simulation analyses with three different
operating conditions. The average ripple percentage of its
voltage and current decreases from 3% to 1%. It concludes
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that ISOA-PID control can stabilize bus voltage oscillations
and suppress load current fluctuations more effectively.

In the future work, more advanced MPPT algorithm under
partial shading condition will be studied to improve the power
generation efficiency of PV. Also, the hardware experimen-
tal platform will be built for more detailed experimental
research.
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