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Buck DC-DC converters are broadly used in DC microgrids to provide a constant dc voltage for generation and
storage components. Changing of load condition affects the quality of voltage in the buck DC-DC converters.
When constant power loads (CPLs) are used, the stability of these power electronic devices is at risk due to
negative impedance characteristics of the CPLs. In such condition, an efficient control method is required
to ensure the proper operation of the converter. For this purpose, development of an adaptive control
methodology is essential to evaluate the accurate values of controller parameters in the shortest time to damp
the ripples quickly. This paper develops a backstepping controller with nonlinear disturbance observer to
regulate the output voltage of a dc/dc converter feeding a CPL. An artificial neural network (ANN) methodology
is used to estimate the backstepping control parameters of the buck converter. The training ability of the ANN
technique prevents the existing controller from depending on the working point of the microgrid. The ANN
methodology adapts the controller with various changes and reflections of uncertainties in the microgrid.
Case studies are conducted on a dc/dc buck converter in MATLAB/Simulink environment, and the results are
verified by the OPAL-RT real-time simulator.

1. Introduction eigenvalue or frequency domain [12]. However, because of the nonlin-
ear feature of the systems, linear control techniques may only guarantee

Recently, DC systems are broadly used in transportation systems,
microgrids, power systems, etc. [1-3]. The DC microgrids are based on
power electronic devices which add several advantages like low weight
and volume, high efficiency and flexibility, as well as isolation, con-
trollability, etc. [4,5]. Switching dynamics of the dc/dc converter lead
the DC microgrids to a nonlinear behavior. Hence, adjusting the output
voltage is a challenging task [6]. Attaining an appropriate control
method for dc/dc converters is an important task to better understand
the design aspect of the controller and stability problem [7,8]. In
addition, it is helpful to improve transient and steady-state conditions
in various perturbations.

Power electronic converter loads, when they are fully controlled,
act like constant power loads (CPLs). CPLs have negative impedance
which may cause instability in the DC bus and thus the entire micro-
grid [1,4,9]. This means that CPLs may affect the electrical quality
of the microgrid and cause instability, which may eventually lead the
system operation to fail [10,11]. Classic linear controllers are generally
used in dc/dc converter controllers. Small signal models are also used

small signal stability. However, in large disturbances, they are not
effective for load changes. Recently, the large signal analysis methods
like Lyapunov analysis have been used to analyze the stability of de-dc
converters in disturbances [13]. In [14], the controller is created by
passive elements to regulate the voltage of a DC microgrid with CPLs.
This approach is made for a specific MG with complete and accurate
knowledge about the system parameters. Design of filter parameters
is locally implemented. For example, an electromagnetic interference
filter may only be designed based on its frequency response. However,
these filters as well as CPLs have great impacts on the stability and
robustness of the DC microgrids. A smaller capacitor connected to the
CPL reduces the stability boundary and a larger capacitor increases
the size and cost [15]. In fact, passive damping strategies like using
capacitors and resistors [16], or filters [17] are simple and useful,
while the cost and physical limitations are the restrictions. In [18], a
linearized control strategy is suggested for the buck converter with CPL.
This method improves the transient response if the load is disturbed,

to analyze the stability of controllers and in the design stage of dc/dc
converter feeding CPLs, where the system equations are linearized
around an equilibrium point and then they are analyzed using classical
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while converters are nonlinear. Due to the negative impedance of the
CPLs, nonlinear controllers must be used to achieve a stable system.
In [19], a model predictive control (MPC) method is proposed to
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Fig. 2. Circuit diagram of a renewable source with DC buck converter.
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control the boost converter with CPL. However, the online compu- controller based on fractional-order sliding mode control is proposed
tational problem of MPC prevents its practical implementation. Slide for high-order nonlinear disturbances in a buck converter. Another
mode control (SMC) is one of the nonlinear methods that has simple sliding based control, known as second-order sliding mode approach,
structure and is known for its strong robustness [20]. In [21], a new is designed for a neutral-point-clamped power converter in [22]. A
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Fig. 5. Structure of the ANN to estimate the backstepping parameters.

high-order sliding mode control is proposed for an AC/DC converter
in [23]. In [24], a three-layer controller is developed based on ob-
server strategy and sliding mode control for a neutral-point-clamped
converter. Nevertheless, the need for variable frequency switching leads
to chattering problems. To measure the output current of the capacitor,
a series of current sensors are needed that causes a higher equivalent
series resistance. This reduces the effect of ripple filter and increases
the output impedance.

Backstepping control is an important nonlinear control technique
that can be used for DC microgrids in the form of accurate feedback [25,
26]. The main advantages of backstepping controller are systematic
frame for controller design, easy to understand, simple performance,
linear parameter inconsistencies, nonconformities, and successful rule
out for uncertainty. Adaptive backstepping control is one of the most
effective nonlinear control methods for solving stability and tracking
problems [27]. This method has been used for power electronic con-
verter systems in [28-30]. The nonlinear disturbance observer (NDO)
is a useful method for estimating online uncertainty/turbulence in
nonlinear systems with minimal data of power system [31,32]. The
NDO supplies a hopeful way for perturb and uncertainty compensation,
which is a crucial aim in the design stage of a controller [33]. This
method has received high attention because of providing a favorable
solution for disorder and uncertainty problems [33]. In [34,35], adap-
tive backstepping control and NDO are used for estimation of uncertain
changes in constant power load in a fast dynamic response which
resulted in a fast and precise voltage tracking under high load changes.

This work proposes a novel backstepping controller with NDO for a
buck dc/dc converter. A two-layer artificial neural network (ANN) with

a recursive control technique is added to estimate the backstepping
parameters to control a CPL. The behavior of backstepping control
is improved using an ANN-based approximation method for the con-
stant value of backstepping control with NDO. It is found that the
speed of adaptation of the unknown parameter increases. The main
contributions of this paper are as follows:

I. The voltage value of a dc/dc buck converter is adjusted by an
adaptive backstepping control method with a NDO to improve
the precise voltage tracking of the converter. The NDO has been
used to estimate the variation of uncertainty in a fast dynamic
response.

II. To improve the voltage and transient tracking accuracy of the
converter, the voltage duration of the backstepping controller is
adjusted and stabilized by the neural network. For this purpose,
the gains of the backstepping controller are updated in an online
manner to compensate the nonlinear observer estimation errors
consistently.

III. The nonlinear reverse voltage caused by the CPLs imposes an
instability to the DC power electronic converters, leading to
significant fluctuations in the voltage or even a voltage collapse.
The CPL’s menace for stability intensifies when the reference
voltage in the simulation is varied. In this paper, the effect of
voltage reference changes on the buck converter supplying a CPL
is studied to discuss the worst-case scenario for DC microgrids in
terms of stability.

IV. The proposed control scheme is implemented in the real-time
simulator, OPAL-RT-OP5600 to verify its applicability and effec-
tiveness in real-time.
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Fig. 6. The Simulation results in start-up in study 1.

This paper is organized as follows: Section 2 explains the system
model with a CPL. In Section 3, the stability issue is described and a
nonlinear observer is used to boost the performance of backstepping
controller. The ANN is then proposed to estimate the parameters of the
controller. Simulation verification in order to display the capabilities
of the proposed method is indicated in Section 4. Finally, Section 5
concludes this paper.

2. Model of a DC/DC buck converter with CPL

A typical DC microgrid can be seen in Fig. 1 [3]. The dc/dc source
converters supply the main dc bus. As seen, there are several dc/dc
converters and the inverters are used to supply the AC loads presented
in the scheme. In the case of supplying a resistive load with a dc/dc
converter, the output power of the converter is constant and the output
voltage of the converter is fully adjustable. For an inverter-motor drive
system, when the motor speed is fully controlled by making the torque
constant for one operating period, the output and input power of
the inverter are constant. These fully controlled converter loads are
known as constant power loads. Fig. 2 demonstrates a typical dc circuit
diagram of a renewable source with a dc/dc buck converter supplying
a CPL.

The dc/dc converters are adjusted by the u duty ratio of an IGBT
switching to keep the output voltage stable. There is an input voltage
source for the buck converter to supply the DC power. Given the fact

that the CPL defines the load disturbances, it refers to a worst situation
in the stability domain. The dynamic model can be represented by [36]:

dv
= Llt - iIL
dt C, C, o)
dI, R,
g ——
dt L

t

where I, and I; represent the currents of the converter and load,
respectively; V, denotes the load voltage. With mentioning that the load
current I; is considered as a disturbance, the following linear system
can be provided from Eq. (1):

x(t) = Ax(t) + Bw(t) + Dd(t)

(2)
y(@) = Cx(n)

Vol . . .
where x = [ O] is the state variable; V; is the voltage of the converter;
t
. . I;]. .
w =V, is the control input; and d = [ OL is the exogenous input of the

controlled variable of the system. In addition, y(¢) is the measurable
output and we assume that y = x. Matrices A, B, D and C in the
converter model can be indicated as follows [36]:

o = 0 -L 0
1 _C;& ,B=[lJ,C=[1 O],D=[0Cr o] 3)

L L
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Fig. 7. The outputs of ANN (i.e. R,(f) and (R,(1))) in study 1.
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Fig. 8. The performance evaluation graph of controllers in start-up, in study 1.

In addition, the state-space equations of (3) can be extended with
regard to the uncertainties in the converter parameters and load current
as follows [13]:

X, = Cbe-Fd“

tn R (4)
%y = ——x " xy + —w+d
b= "7 Xa~ bt 7— b
Ltn ¢ Lrn tn
X, Vo .
where =) C,, L, and R,, are the nominal values of
Xp t

the converter, i.e., capacitance, inductance and resistance parameters,
respectively. It is notable that the exact values of the parameters may
differ from these nominal values. The perturbation terms d, and d,
are used to show the modeling errors, aging, uncertainties, and dis-
turbances. The perturbation of the system is simplified by disturbance.
We assume that the state variables are finite and the disturbances of d,
and d, are continuous values and their time derivatives are bounded.

3. Proposed controller design

The proposed controller design method is shown in this section.
First, the observer is designed, and then the backstepping controller
boundary is discussed based on the stability issue. Finally, the ANN
approach is proposed to improve the controller performance.

3.1. Observer and conventional backstepping controller design

I. Disturbance observer design

Based on [31], a disturbance observer for (5) can be obtained
by:

Ea =D, x, + zia

]irh = f3(Xg» Xp)Dyxy + Dyu + d ©)
dg = po(x, = E,)

dy = py(xy — Ep)
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Fig. 9. The simulation results when L increases 5% in study 2.

where p, and p, are the observable positive invariable gains.
According to the state-space model in (2) and (3), it can be
inferred that:

1

D, = —

“ Cln
Fykgrx) = =y = O]

b\ra> ) — Ltn a Lm b

1
Dy=—
Ltn

The disturbances can be shown by:
Ja = pa(xa - Ea) @

dy = py(y — Ep)
Errors can be estimated by the relationships e, = d, — d,, e, =
d, — d, and by deriving the errors and combining with (7). The
dynamics of the observer error can be obtained as follows:

éa =—pees t da (8)

¢y = —ppep +dy,

. Backstepping controller design

The controller intends to adjust the output voltage of converter
x, to the desired value x in existence of disturbances, d, and
dy. The xy is the reference voltage value. In the following,
the proposed controller and the evidence of stability are clari-
fied. A positive definite, continuous, and differentiable Lyapunov

function is selected where g, = x, — xJ.

1 1
zqaz + Eei (9)

By derivation of Eq. (9), the following can be obtained:

Z, =

Z, = q,d, + e,é, = q,(D,xp, +d,) + e (d, — pge,) (10)
Also, we can write:
Xp=Xp = Xp+Xp =qp+ X 11

where g, = x, — %, and x,, is the virtual control in the back-
stepping control. The auxiliary function x, can be formulated as
follows:

€
4T,

where R, > 0 and T, > 0. By inserting (11) and (12) into (10):

$p= =5 (R + 20, + ] a2

. : A 1
Zy = —p,e2 +eyd, + 24D,z +d, — dy — qo(R, + )=
Pa . 13)
—paeg +e,d, +q,(D,q, +e,)— qz(ka + E)
a

By applying Young’s inequality [37], we can obtain the following
equation:

I » 2
< z, + Tye,

9a®a = 31
a

14)
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Fig. 10. The simulation results when C increases 5% in study 2.

If we combine (13) and (14), then we will reach the following
equation:
5 2 i 2 2
Z) < —pue,+e,d, + Dyquq, +The, — Ryq, 1s)
< —ei(pa -T,) - Raqfz + D,q,q, + eada
Moreover, a positive definite, continuous, and differentiable Lya-
punov function (V) is set as follows:

1 1
The time derivative of (16) can be expressed by:
Z < _eipa - Ta - ka‘lﬁ + Daqazb + eada + Zb[fb + Dbu
5%, 5%, , a7
+d, — E(DHXI) +d,) - 6—dAaAaea] — ppe, + epd,
. 8% 5% 1
It is assumed that A, = £, A, = % and S, = AL+ Ay A,

Therefore, the following can be obtained:

S
4T, +5)l

1 R .

u= D_b[Tl(Daxb +du) - fb _db - Daqa _qb(Rb +
= Hx, + Hyx, + Hyd, + H,d,
=(Hy +p)x, + (Hy + pp)xy — Hyp, E, — Hypy Ey

(18)

where R, > 0, T, > 0 and

1 1 1 1
H =Ln(— - —+[-C,(Ry+ —+ S R, + —
1 ;”(La c, [-Ci (R, i, w1 * [R, 4Ta])
Hy= Ll (R, + L) — (R, + - 4+ 5]
LA @ 4T, b4, TP 19)
1 1
= _Ctan(Ra + E + Rb + E +Sb)
Hy=-L,,

If the disturbances fulfill the situation of lim,_, ||4(?)| , and also
d(t) = 0 at the origin, then the closed-loop system is globally
asymptotically stable [11]. The backstepping control method
with observer is illustrated in Fig. 3. The notation X*, in the
figure, denotes the reference voltage.

3.2. Proposed intelligent tuning of backstepping weights

The performance of backstepping controller is highly influenced by
weighting coefficients, that should be adjusted optimally. The selection
of optimal weight based on trial-and-error is a very time-consuming
process which needs a massive number of selections and many com-
puter simulations. Evolutionary algorithms are superior to a random
trial-and-error search owing to the concepts of fitness pressure, variety,
and heredity. If the operating point changes highly, however, ensuring
a favorable response is a though task.
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To enhance the ability of the backstepping controller, in this paper,
an ANN based approach is proposed for fine tuning of the values of
backstepping controller parameters. Intelligent neural network adopts
the backstepping controller parameters online. This adaptive feature
ensures the robustness of converter under different uncertainties and
hence the validity of the proposed method extends to a wider range
of operating states. The schematic of the ANN supervisory control for
optimal tuning of the backstepping weights is depicted in Fig. 4. It

shows R,(t) = R, + dR,() and R,(t) = R, + dR,(¢) that R, and R,
are constant. Here, R, and R, are constant and equal to values that
were constant. In addition, dR, and dR, are the ANN outputs. The
key functionality of the proposed structure is to minimize the voltage
variation as well as its derivative. So, proper set-points are created by
ANN and sent to the backstepping controller. Therefore, a safe control
operation is achieved that ensures the voltage output stability and
robustness.
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The processing units in an ANN, which are inherently nonlinear, are
known as neurons. Each neuron contains three basic elements including
weights w;; = [wy;,w,;,...,w,;], an activation function g(j), and a
bias parameter ¢. Various functions such as sign, tangent sigmoid, and
logarithmic sigmoid can be used for the activation function. The input
signals indicated by y; are multiplied by the corresponding weights.

The output of the hidden layer is calculated based on the weighted
input and bias as mathematically shown in (20):

n
Hl-:g<2w,~jy[+(p> j=12,...,L

i=1

(20)

where L is the number of nodes in the hidden layer.

Then, the output of the output layer (the outputs are the backstep-
ping weights) can be obtained as follows:

L
0. =Y Huw.+¢ c=12..m (21)
j=1

where m is the number of nodes in the output layer.

The learning procedure deals with the minimization of mean
squared error as follows:

N
E:%Z(VO—X*)Z
r=1

where N is the number of samples.

The weights of the ANN are updated based on supervised feedback
approach in which the back-propagation algorithm is used for the
learning procedure of the ANN coordinator [38].

The calculated error value in (22) is employed to update the ANN
weights as follows:

(22)

w;;(k+1) = w;;(k) + néy

i=1,2,....n j=12,..,L (23)

10

wo(k+1) = w;, (k) + nH;,E,

j=12,...,L c=1,2,....m 24)

It is to be noted that in Fig. 5, W, represents the weight vector
for the hidden layer whereas W, is similarly deployed for the output.
E,. denotes the error signals including the voltage variation and its
derivative.

In the design process of the proposed ANN based fine tuner struc-
ture, it is considered that the input layer of ANN has 10 linear neurons,
and there are 20 nonlinear neurons for the hidden layer. The number of
neurons in input/hidden layers are determined through a trial and error
process. Moreover, the output layer of ANN must contain analogous
number of neurons to the control variables. Since the control variables
are the weights of the backstepping controller, two linear neurons are
considered in the output layer.

4. Simulation results

In this section, the intelligent backstepping controller based on the
nonlinear observer is evaluated to stabilize the CPL buck converter.
Table 1 summarizes the parameters of the studied system. The follow-
ing studies have been performed to evaluate the performance of the
proposed control method for the buck de-dc converter. The transient
outputs of the proposed system are compared with the backstepping
controller with the nonlinear observer in start-up condition and ref-
erence voltage variation, as well as to confirm the robustness of the
proposed method against the uncertainty of the parameters. In uncer-
tainty analysis, some of the converter parameters (i.e., L and C) are
increased by 5% compared to their nominal values. The corresponding
controller parameters, T, T,, p, and p, are chosen as 2, 0.5, 8 and 0.9,
respectively. In conventional backstepping controller, R, and R, are
constant and they are set as 10000 and 20000, respectively. While,
in the proposed method, these two parameters are regulated by neural
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Fig. 17. The OPAL-RT results when reference voltage changes.
2000 F T T T T 3
0
e
< -2000
&

-4000

-6000 -
0

0.05 0.1 0.15 0.2
Time (s)

0.25

1 1

0.05 0.1 0.15 0.2
Time (s)

0.25

Fig. 18. The outputs of ANN (i.e., R,(r) and (R,(1))) when reference voltage changes.
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Fig. 20. The OPAL-RT results when CPL changes.

network. It is worth mentioning that R,(r) and R,(r), as mentioned in Table 1
3.1, must be positive. Parameters of the test system used in simulations.
Parameter Symbol Value
4.1. Study 1 Input voltage E 80V
Reference voltage X* 24V
§ " X Filter capacitance C, 220 pF
In the first study, the start-up condition has been evaluated during Filter inductance L 450 pH
the change of output voltage to 24 V. For this study, the response of Filter resistance R, 03 Q
the proposed controller and backstepping controller with observer are CPL Pepr 120 W

shown in Fig. 3. The output voltage of the backstepping control method
with the observer and the proposed method can be seen in Fig. 6.
During the start-up, the backstepping with observer generates a large

12



H. Sorouri et al.

International Journal of Electrical Power and Energy Systems 141 (2022) 108099

5 x 10 T T T T
8 0 1000
: ] |
s I J ]
-1000
2000 - - - -
]0 L L L 0.08  0.085  0.09 0.095 0.1 0.105 0.11 0.115 0.12 L L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
x10*
T T
4 200 ¢ ,
100 -
—_ 3 1
N 0 |
=2 B
=7 -100 - U .
1 2200 ]
0.05 0.1 0.15
0 1 1 1 1 1 1 1 L 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
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Fig. 22. The performance evaluation graph of controllers when CPL changes.

voltage overshoot about 40 V and settling time of 0.06 s, to reach the
24 v. While the proposed method decreases the overshoot and settling
time to 26 V and 0.034 s, respectively. As illustrated in the figure,
the proposed method diminishes the voltage overshoot and settling
time considerably compared to the backstepping with observer method.
Similar discussion is true about the current where the backstepping
with observer control produces an undershoot of 40% in output current,
converges to 6 A in 0.06 s and has a large peak compared to the
proposed method, in which the time to achieve desired amps is 0.035
s. Variations of R,(r) and R,(r) parameters, resulting from ANN, are
shown in Fig. 7. As it was mentioned, these values have been added
to the constant values of R, and R, to improve the robustness of the
controller.

In addition, in order to evaluate the performance of the proposed
method from different aspects, some of the performance specifications
of the buck converter are given in the following. The sum of the integral
time square error (ITSE), integral absolute error (IAE), and integral
square error (MAE) for the study 1 is shown in Fig. 8. As can be seen,
the graph indicates the acceptable performance of the proposed control
method in this study compared to the backstepping method.

4.2. Study 2

In this section, robustness of the proposed control scheme against
the plant parametric uncertainty is examined. To investigate this issue,

13

two parameters of the converter, i.e. L and C, are increased 5% from
their nominal values.

The output voltage, current and power when the L increases are
illustrated in Fig. 9. It is demonstrated that the voltage and current
deviations in stable time are less than 15% and 1.5%, respectively,
while they are 0.625 and 0.4 in the backstepping with the observer con-
troller. Fig. 10, corresponding to change of C when 5% increases, shows
that the proposed method yields relatively smaller peak undershoot in
current and overshoot in voltage, along with fast settlement.

The variations of R,(t) and R,(r) in this study are available in
Figs. 11 and 12. Here, like the previous study, the ITSE, IAE and
MAE indices for controllers in uncertain situations, when C and L are
increased 5%, can be seen in Figs. 13 and 14. The results in the studies
1 and 2 demonstrate the suitable performance of the proposed method
in start-up and converter parameters changes.

4.3. Study 3

In this study, the buck dc-dc converter with the proposed control
method is implemented in the real-time simulator, OPAL-RT-OP5600,
to verify its applicability and effectiveness in real-time. Fig. 15 shows
the broad configuration of the experimental setup. Fig. 16 illustrates
the Matlab and RT-LAB models used in this work. In this section,
two real-time scenarios for the evaluation of the proposed control
strategy are utilized. In the first scenario, an ideal CPL and a change
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in the reference voltage are assumed. In response to the CPL being
constant and the reference voltage changing, the output voltage in
the proposed controller method tracks the reference voltage, while
the voltage response in the conventional backstepping with observer
method suddenly fluctuates larger at + = 0.1 s. The power of CPL
is constant and equal to 120 w in real-time simulation whereas the
reference voltage is 24 V for + € [0,0.1] sec and it increases to 36
for + € [0.1,0.25] sec. The output voltage of the CPL is shown in
Fig. 17. As can be seen, when the reference voltage changes to 36 V, the
proposed method can settle the voltage faster and smoother than the
backstepping with observer controller. The overshoot in backstepping
with observer is 26 V while the overshoot in the proposed method is 39
V. The current of CPL which was controlled by the proposed method
settles faster and better than the current of CPL which was controlled
by the backstepping with observer. Therefore, the proposed controller
can recover faster and better CPL’s voltage and current. The output of
ANN in this study can be found in Fig. 18. Also, some of the converter
performance indices for this study like the previous studies, in order
to show better performance of the proposed method, can be found in
Fig. 19. Another real-time scenario for the proposed control scheme
evaluation is investigated, which involves a dynamic change in the CPL.
For this end, a power decrease of 60 W at t = 0.1 s is assumed. The
output voltage, current and power are shown in Fig. 20. The results
are compared to a traditional backstepping controller reported in [13].
As the results imply, the proposed control method, yields less voltage
overshoot and current undershoot than the method in [13]. The figure
also suggests that, by making use of the proposed control scheme, the
voltage fluctuation during a noticeable change in load is less than 0.2 V
(i.e., less than 0.8% of the desired output voltage) which is an ideal
value. The ANN outputs can be found in Fig. 21, and the converter
performance indices when the CPL changes compared to the method
in [13] are given in Fig. 22. The results, as the previous scenarios,
indicate the superior performance of the proposed method during the
execution of this scenario.

5. Conclution

This paper proposed an intelligent adaptive backstepping control
based on an ANN to regulate the output voltage of dc/dc converter
feeding a CPL. The parameters of the controller were estimated by
the proposed ANN controller. The controller was designed according
to the stability issue and transient performance. The proposed control
method was investigated for the response of start-up, reference voltage
variations, uncertainties and load variation of converter parameters’ sit-
uations. Thus, fast dynamic response of the simulation results ensured
the accurate voltage tracking. Comparing the proposed control with
the conventional backstepping controller indicated better performance
of the proposed method. This controller can be investigated for other
converters and in large-scale microgrids as a future work.
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