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Realization of DC—DC Buck Converter Based on
Hybrid H> Model Following Control

J. S. Fang”, Sheng-Hong Tsai ¥, Jun-Juh Yan

Abstraci—The buck converter is frequently introduced in
the industry to maintain the stability of the voltage output
when having the interference suddenly. In order to promote
the robustness of the buck converter, a novel hybrid H.
model following control (HHMFC) is developed based on
digital redesign sliding mode control in this article. First,
we design H, model following SMC in the continue-time
domain. Then, by using the digital redesign approach, the
continuous SMC is redesigned to a corresponding discrete-
time SMC and the proposed HHMFC is achieved. Finally,
we apply the developed HHMFC to realize a robust buck
converter. With both the simulation and experiment results,
we can conclude that the proposed HHMFC can easily and
successfully apply to the practical realization for the buck
converter with better robustness performance.

Index Terms—Buck converter, digital redesign, hybrid
model following control, robustness, sliding mode control
(SMC).

[. INTRODUCTION

WITCH-MODE direct current—direct current (dc—dc) con-
S verters transfer the dc voltage level to another, which may
be higher or lower, by storing the input energy temporarily and
releasing that energy to the output at a different voltage. In this
article, the buck converter discussed is a step-down converter
that reduces the input voltage to the output voltage. This type
of buck converters is used widely in engineering applications,
such as photovoltaic systems [1], electrical vehicles [2], etc.
However, since the performance of a buck converter is always
influenced by the different disturbances, such as the parameter
variations, measurement error, etc., the most important issue
of the buck converter is the robust stability with the instant
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disturbance. Thus, in the literature, many works with different
design approaches explored the stability of the buck converter,
such as sliding mode control (SMC) [3]-[5], fuzzy control [6],
[7], adaptive control [8], adaptive-predictive control [9], back
stepping control [10], etc. In this article, we aim to propose
a novel hybrid H, model following control (HHMFC) based
on digital redesign SMC to implement the buck converter. To
make sure the stability in the sampled-data uncertain system, we
introduce the model following control theory. By setting a model
system as the desired reference model, we design the model
following control to obtain desired trajectories for the controlled
buck converter. However, using the traditional model following
control cannot effectively repress the unknown disturbances
and uncertain model. Therefore, many papers propose different
robust control methods to cope with these problems [11], [12].

Recently, SMC has been successfully applied to depress the
disturbances. In connection with SMC, there are many applica-
tions [13]-[15]. The work [13] proposed an integral SMC algo-
rithm to process the changeable switching frequency problem
in converters. The work [14] used a robust neuro-fuzzy-SMC
with extended state observer to constrain the disturbance. The
report [15] introduced an adaptive nonconventional SMC to
solve an inequality constrains. Thus, according to the research
works in the literature, SMC is able to efficiently suppress
disturbances. On the other hand, for better reliability, lower
cost, smaller size, more flexibility, and better performance, it
is a current trend by using digital microcontroller chips to im-
plement control solutions. However, to utilize the digital signal
processing microcontroller to implement the control schemes,
the traditional continuous-time SMC design methods proposed
in [13]-[15] are not applicable. We must discuss discrete SMC in
the discrete-time domain [16]—[18]. In the works [19], [20], the
papers indicated that we first need to choose the proper switching
surface function for the discrete-time system and discuss the dy-
namics of the discrete-time system. However, it is very difficult
to analyze and design the digital controller in the discrete-time
domain, especially for the hybrid controlled systems. In this
article, to solve this problem, the digital-redesign method is
proposed to directly transform the well-designed continuous
analog controller to the discrete type. This proposed design
procedure not only can easily obtain a discrete-time HHMFC
but also guarantee the robust performance even if the system is
with perturbations. Therefore, the discrete HHMFC proposed in
this article is easy to implement by using a digital microprocessor
controller. First, we design the continuous model following SMC
in the continue-time domain. Then, we transfer the continuous
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where Ry, Lo, Cy, and v;,,,,, which are the optimal values of load
eQy, C= v,(7) R

A
L Diode

Fig. 1. Circuit structure of the buck converter.

SMC to discrete-time SMC by using the digital redesign tech-
nology. The digital redesign approach is a method for directly
transferring the continuous-time controller to a discrete-time
controller [21], [22]. Based on the digital redesign theorem, we
can discretize the predesigned continuous model following SMC
to discrete-time SMC based on the Euler approach. Besides, to
suppress the disturbances, we also combine SMC with the linear
quadratic analog tracker (LQAT). With the Euler approach, we
ensure the sliding mode function can converge to zero in finite
time and the hitting condition is satisfied in the discrete-time
domain. As mentioned above, we can easily design and realize
the robust digital HHMFC which has not been discussed in the
literature. Since it is easy to analyze and implement, HHMFC
is worth exploring in the future. It is worth to note that the
traditional SMC uses the sign function to design the sliding
manifold, but it causes chattering phenomenon in the input. To
suppress the chattering phenomenon, we replace sign function
by the saturation function [19], so we can solve this problem.
Furthermore, we apply the developed HHMFC to the buck
converter with SIMULINK simulation. Then, we implement the
HHMEFC on the buck converter by using the Raspberry Pi. With
both the simulation and experiment results, we can conclude that
the proposed HHMFC can easily and successfully apply to the
practical realization for the buck converter with better robustness
performance.

In this article, we denote the transport for a matrix w by w? .
|lw]| is used to denote the Euclidean norm of the vector w. I, €
R™*" represents the identity matrix. |w| is the absolute value for
a constant w. w’ = (wTw) " w” denotes to the pseudo inverse
matrix for a matrix w € R™*™ and wiw = I,,,. sgn(w) is the
nonlinear sign function of w and if w > 0, we have sgn(w) = 1;
ifw < 0, sgn(w) = —land sgn(w) = 0 if w = 0.

[I. DESCRIPTION OF BUCK CONVERTER

Fig. 1 presents the general circuit of the dc—dc buck converter.
In the circuit, R, L, and C are the load resistance, inductor, and
capacitor, respectively. While iy, (t), v, and v, (t)represent,
respectively, the inductor current, applied input voltage, and
corresponding output voltage.

Now, we calculate the dynamic model by the Kirchhoff’s laws
as below. When the switch is ON, the dynamics of the buck
converter can be presented as

dva(t) 1 . vo(t)
it Co (ZL(t)_ Ro )

(1.a)

resistance, inductor, capacitor, and input voltage, respectively.
When the switch is turned OFF, it will be

dvo(t) - 1 vo(t)

ol - it - 4 a
difT@) _ 7”0?(;). 2b)
And then, combining (1) and (2), we get
e (w07 e
R 0) (3)

where p is the switch, which means “1” and “0” when the switch
state is ON and OFF. Thus, we will propose the control law to
decide the switch state is ON or OFF. And the control law will
be discussed afterward and the buck converter is supposed to
manipulate at continuous-conduction mode.

While measuring the inductor current i, (¢) for (3.b), we need
to use the Hall element and it might be disturbed by external
noises. Thus, it results in poor accuracy of the current sensor.
To overcome this problem, we need to use another method to
describe the dynamics of the buck converter. First, we compute
the second-order differential of the output voltage as follows:

d?v,(t) _ 1 dig(t) - idvo(t) @)
a2 C dt Ry dt )
Substitute (3.b) into (4), then we have
d?v,(t) L wo(t) 1 doo(t) ) Vi (1)

i G\ Lo Ry dt CoLy
According to (5), we can solve the problem of the measure-

ment error of current sensors. Then, the state-space equation of

the considered buck converter can be represented as follows:

{228} - [cooio 00111%0] {228] + {5:)2,] po (6.a)
ot = (10 [35]

With (6.a) and (6.b), it reveals that the state-space equations
are only affected by v,(t). Therefore, one can only use the
voltage sensor to measure the output voltage v, (t). However,
we still need to consider the parameters with uncertainties.
Therefore, the system dynamics subjected to uncertainties can
be described as follows:

0] - [ ][] [ e
(7.2)

(&)

(6.b)

vo(t) = [10] {zgm (7.b)
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Fig. 2. Hybrid improved model-following controlled system structure
for the buck converter.

where 2(t) = [v,(t) ©o(t)]T, and d(z(t),t) is the lumped dis-
turbance, which is constituted of the parameter variations. Thus,
d(x(t),t) can be described by

et = g 2"

CoRo ~ pRoCo

EC ®)

where pRy is the practical load resistance and p € (0,1). As
mentioned above, we have derived the state space of the buck
converter. In the next section, we continue to design the con-
troller for the buck converter.

I1l. PROBLEM DESCRIPTION

The model following controlled system in Fig. 2 has two sub-
systems including the controlled system and the model system.
In this section, we discuss the controller of the buck converter
with the hybrid model following control design. We use a digital
HHMEC to control a continuous-time buck converter circuit and
ensure the output signal of the controlled buck converter can
track the states and desired reference signals given in the model
system. One can find the digital-redesign sliding mode controller
(DRSMC) in Fig. 2 is proposed to control the continuous-time
system. By the way, one also designs E,,4 and K,,4 to make
sure that the model system output can track the reference
signal. However, one uses the digital controller to control the
continuous-time system. Therefore, we must apply Z.0.H. to
transfer the discrete-time signal to the continuous-time signal.

In Fig. 2, the controlled buck converter is described as

i(t) = Az(t) + Buc(t) + d(z(t),t)
y(t) = Ca(t)

where A € #2%2, B € R2*!, and C € R'*2 are the system
matrices; z(t) € R u.(t) € R, y(t) € R, and d(z(t),t) €
R2*1 are the system state vector, the system input vector, the sys-
tem output vector, the unknown internal nonlinear disturbance,
respectively. Besides the unknown internal nonlinear distur-
bance is assumed to be bounded such that ||d(x(t), t)||dA1 [|2(t)]]
is satisfied.
Now, define the model system as follows:

T (t) = A2 (t) + Bume(t)

9.a)
(9.b)

(10.2)

Ym () = Cap (t)

where 2, (t) € R2, upe(t) € R, and y,,(t) € R are the
model system state vector, the model system input vector, and
the model system output vector, individually. We first design the
control law of the model system as below

(10.b)

umc(t) = _chxm(t) + Ech(t) (11)

where K,,. is the feedback control gain, E,,. is the forward
control gain, and r(t) € R is the desired reference trajectory.
Without loss of generality, we assume the matrices A and B in

(7.a) are
A= {O 1],andB [O]
ay Qo b1

Then, we define K,,,. as

K’mc = Nmel +Km02 (12)

where K0 = 51’1[0z1 aw]. Before calculating K01, one
needs to rewrite the model system (10). According to (11), (12),
one can obtain u,,.(t) as follows:

Ume(t) = = (Kmet + Kme2) Tm(t) + Emer(t).  (13)
Substitute (13) into (10), so that we can get

G () = Az (t) + Blime(t) (14.2)

Ym(t) = Czp (1) (14.b)

where A=A BK,» and Une(t) = —Kpexm(t) +
E,,.r(t). Here, the controller gain K,,.; can be calculated by
using the final-value theorem [23]. After controller gain K, .1
is found by using the pole-placement method, the forward gain
B, can be calculated as E,,. = [-C(A — BK,.) "Bt

Remark 1: The forward gain can be computed by the Final-
value theorem. With the Laplace transform, (10.a) and (10.b)
can be

Xpn(s) = [s] = (A = BKyno)] (BEncR(s)/s)  (15.)

Yo (s) = CXpn(s). (15.b)
Then, one can get

Yn(s) = C[sI — (A= BE )] (BEmcR(s)/s).  (16)

By using the Final-value theorem, the following tracking error
can be computed as follows:

Ym (00) — r(c0) = 113(1J sYm(s) — ligr(l) sR(s)=0. (7

Define y,,,(c0) and r(c0) as

Ym(00) = lim ¥ (s) = C[—(A - BK )] *BE,.R(s)
(18)
and

r(o0) = lim s(R(s)/s) = R(s).

s—0

19)

Then, satisfying the following condition y,,, (c0) = 7(c0), we
can get By, = [-C(A — BK,,.) "B O
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V. DIGITAL-REDESIGN-BASED SMC DESIGN

Asmentioned in the Introduction, we will first design the SMC
in the continuous-time domain. Then, we use the digital redesign
approach to discretize the obtained continuous-time SMC to be
a discrete-time SMC.

A. Improved Continuous-Time H, Sliding-Mode Control

Before we design the DRSMC in Fig. 2, we need to discuss
the continuous SMC first. Thus, we compute the error dynamics
between (9.a) and (10.a) as follows:

é(t) = Ae(t) + B (uc(t) — ume(t)) + d(2(1), 1)
where e(t) = x(t) — 2, (t). We assume u.(t) is defined as
uc(t) = umc(t) - KC?e(t) + Wc(t)

where Ko = 57 1[a1 az ] and n.(t) will be determined later.
Thus, substituting (21) into (20), we have

é(t) = Ae(t) + Bne(t) + d(z(t),t).

Due to Ko = K,,,c2, one can compute A=A—-BK, =
A — BK 2. Next, we design the sliding mode function as
follows:

s(t) = Cse(t) + /Ot (—CsAe(T) + Keoe(T))dr (23)

(20)

1)

(22)

where Cy = BT, and K, is the controller gain. Differentiate
(23), and then one has

§(t) = Cs (Ae(t) + Bne(t) + d(z(t), 1))
— C,Ae(t) + Koye(t)
= nc(t) + Osd(x(t)v t) + Kcle(t)'

When the controlled is able to enter the sliding manifold (i.e.,
s(t) = $(t) = 0), one can get the equivalent 7). (¢) in the sliding
manifold denoted as

(24)

Neeq(t) = —Csd(x(t),t) — Kae(t).

Substituting (25) into (22), one can have the error dynamics
in the sliding manifold

é(t) = Ae(t) + Bni(t)
where 7} (t) = —K_ 1e(t). To efficiently suppress the match
disturbances, one designs the controller gain K., with LQAT
[24]. To minimize the tracking error between system output and
model system output, the following cost function is selected:

tend
7=5 [ e Qe - u @R par @)

where e, () = y(t) — ym(t), Qy = 1091, ¢ > 0, is a positive
definite or a positive semidefinite real symmetric matrix and R,
is a positive define matrix and invertible. As mentioned above,
to calculate the gain of K; the Riccati equation is given as

ATP+ PA—-PBR,'B"P+C"Q,C =0, (28)

where P is a positive symmetric define matrix satisfying the
Riccati (28). Hence, the feedback gain can be calculated as
Ko =R, IBTP.

(25)

(26)

In addition, the controller gain K. can also be calculated by
using the following performance index:

A"P+ PA-PBR,;'B"P+Q, =0,
[Qih 0

0 Q, ] and P is a positive define matrix, which

(29)

where Q, =

is solved by the Rlccatl (29). According to (29), it reveals that
by selecting different weighting matrices @, and Q,, the
different performance can be achieved. Generally speaking, with
emphasis on the performance of the tracking error e, (t), the
weighting matrix le can be selected larger than the weighting
matrix Q, .

Now, to guarantee the existence of sliding manifold, 7.(t)
proposed in SMC law (25) can be designed as

ne(t) = —Keie(t) + u(t)

where uy(t) = —y18(t) — (72 + v3)sen(s(t)), v2 and ~3 are
positive parameters. Substituting (30) into (24), one can get

§(t) = Csd(z(t), 1) — ms(t) = (v2 + y3)sgn(s(t)). G

Theorem 1: To guarantee the existence of the sliding manifold,
the following Theorem 1 is introduced.

If the controller u.(t)is designed as (21) with (30), one can
ensure lim;_,, s(t) = 0 as well as tlgrglo 5(t) = 0.

(30)

Proof: The Lyapunov function is selected as
(32)
Differentiate V (s(t)), one has
V(s(t) = s(t)3(1)
= 5(t)(Cs(Ae(t) + B (uc(t)
— CyAe(t) + K.e(t)).
Substituting u.(t) (21) into (33), one has

V(s(t) = s(t)(Csd(x(t), t) —ms(t) — (2 +73)sgn(s(1)))
< NCsll 2 @)1 s ()] = 115%() — (v2 + 73) IS(t()3|4~)

— Ume(t)) + d(2(1), 1))
(33)

By designing v3 = ||Cs||A1]|z(t)]], one has
V(s(t) < —y18°(t) = 72 |s(t)] < 0
where ~; >0 and 72 > 0. According to the Lyapunov

(35)

theory, one ensures lim; ., V(s(t)) =0 as well as
lim; o0 $(t) = limg 00 $(¢) =0 Therefore, the sliding
manifold is guaranteed. (|

B. Digital Redesign of the Improved Continuous-Time
Hs Sliding-Mode Controller Design

After we prove the controlled error dynamics can reach the
sliding manifold, we still need to prove the sliding mode function
can satisfy the hitting condition in the discrete-time domain.
Thus, according to the following Lemma 1, we can ensure
the sliding mode function reaches the sliding manifold in the
discrete-time domain.

Lemma 1 [19]:
considered.

The following reaching condition is
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For s(kTs) > 0, As(kTs) < —y1Tss(kTs) — After the control law is discretized, to implement the discrete-

YoTssgn(s(kTs)) time SMC, one discretizes the sliding mode function (23) with
for s(kTs) <0, As(kTs) > —y1Tss(kTs) —  the digital redesign technology as follows:

Yo Tssgn(s(kTs))

where As(kTs) = s(kTs + Ts) — s(kTs) and T is sampling
time and k£ = 0,1, -, co. If the above reaching conditions of
the sliding motion are satisfied, then the trajectories of the error
dynamic system (22) converge to the sliding mode function
s(kTs) = 0.

To prove the existence of sliding manifold in the discrete-time
domain, we discretize (31) with Euler method [25], then one has

s(KTy +T,) = s(kTy) + T(Csd(x(kTy), kT)
—m8(kTs) — (v2 + v3)sgn(s(kTy))).

According to Lemma 1 and v3 = ||Cs||A1||2(¢)]|, so one can
get
for s(kTs) <0

As(kTs) = =1 Tss(kTs)
+ To(Cod(@(KT5), kT) — (72 + 73)sgn(s(KT5)))
< N Tss(kTs) — y2Tssgn(s(KTs)).
For s(kTs) < 0
As(kTy) = = Tss(kTy)
+ Ts(Csd(z(KT5), kTs) — (2 + v3)sen(s(kT%)))
> —nTss(kTs) — 72 Tssgn(s(kT)).

(36)

According to Lemma 1, it ensures that s (k7% ) also reaches the
sliding manifold in the discrete-time domain. When the sliding
manifold is ensured, one has 7, (t) = 7)c¢4()in the sliding mode.
Furthermore, we can rewrite (26) as

é(t) = Ae(t) — BK qe(t)
= Ae(t) — B(Ko + Kea)e(t)
= Ae(t) + Bul(t), (37

where K. = K. + K. and u)(t) = —K_.e(t). Then, (37) can
be discretized as

e(kTs + Ts) = Ge(kT,) + Hujy(kTy) (38)

where G = "> H = (G — I,)A~'B. Using the digital re-
design approach [21], the digital-redesign-based control law
uy kT, can be approached to

us(t) = uwy(kTs) 2 us(kTs + Ty), for kTs <t < kTs + Ts.

(39)
According to (39)
u:l(kTS) = ui(kT‘? + Ts) = _K(Je(kT‘? + Ts)
= — K. (Ge(kTs) + Hujy(kTs)).
Then, (I, + K. H)u}y(kTs) = —K.Ge(kT5).
Thus, one has
uy(kTs) = —Kgae(kTs) (40)

where K4 = (I, + K.H) 'K.G.

s(kTs) = Cse(kTs) + sr(kTy) 41)

s1 (kT + T,) = s1(kT,) + Ty(—Cy Ae(kT,) + Kere(kTy)).
(42)

Besides, the continue time SMC-based control law (21) can
be obtained as follow:

Ue(t) = Ume(t) — Keoe(t) + ne(t)

= Ume(t) = Kee(t) —715(t) — (72 + 73)sgn(s(t))-
(43)

By using the digital redesign method, the digital-redesign
SMC-based control law can be obtained as

ug(kTs) = uma(kTs) — Kqe(kTs) — v15(kTy)
— (72 +v3)sen (s(kT%))

where w,,q(kTs) is the digital-redesign control law of . (t).
Using the digital redesign approach, the digital-redesign-based
control law w,,4(kTs) can be approached to
umc(t) = umd(kTs) = Umc(kTs + Ts)’
kT + T,.
Thus, one can have

umd<kTs) = umc(k:Ts + Ts)
= — Ko (G (kTs) + Huma(kTy))
+ Eer(kTs + T)

(44)

for KT, <t<

= (I + KpeH) ' [ Ko G (KT

+ B (KT + T2)] (45)
Then, one can get

Umd(kTs) = —KpmaTm (kTs) + Epmar(kTs +Ts)  (46)

where  Kpg= In + KpeH) 'K and  Epg =

(I + KpeH) Y Eyye. Therefore, we can obtain the HHMFC
(44) based on digital-redesign SMC by

wa(kT,) = —Kge(kTy) — Kmaz(kT,) + Emar(kTs + T))
— 715(kTs) — (72 + v3)sgn (s(kTy)) . 47

To avoid chattering results from the nonlinear sign function
in (47), the following Lemma 2 is given.

Lemma 2 [19]: To avoid the chattering phenomenon, one
can replace the sign function with the saturation function. The
saturation function is defined as

sat(s(t)) = |s(s t()t‘)JrE , where ¢ is an arbitrary and small positive

constant. O

Since the saturation function is utilized, the digital-redesign
SMC-based control law p4(KT) can be rewritten as

ud(kTs) = 7Kd€(kTs) — Kmdx(k:Ts) + Emdr(kTs —+ Ts)
—718(kTs) — (v2 + v3)sat (s(kTy)) . (48)
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L i, (1) TABLE |
n s | " ‘ PARAMETERS OF BUCK CONVERTER
Qv [ - CT w® FR Sy Parameter names Parameters Values
_ Input voltage Vi 30 (V)
Reference output voltage Vier 15 (V)
Inductor L, 10 (mH)
_—
{ Couolr Capacity C, 1000 (uF)
Load resistance R, 100 (Q)

Fig. 3. Control architecture of the buck converter.

Now, we use the control law (48) to determine that the switch
/4 1S ON or OFF. In the following, we use the function (48) to
decide the switch p

B { 1, when uy(kTs) > 0

0, when ug(kTs) <0 ° (49)

Therefore, a complete control structure to control the buck
converter with the proposed HHMFC is shown in Fig. 3. And
then, we discuss the results and analysis by Simulink and exper-
iment in the following section.

V. SIMULATION AND EXPERIMENT RESULTS

In this section, we demonstrate the performance of the
buck converter with the proposed hybrid model following con-
trol based on digital-redesign sliding-mode control. Both the
Simulink simulation and circuit experiments are considered. To
highlight the contribution of the proposed HHMFC design, we
compare the control performances with the second-order sliding
mode control (SOSM) [3], [5] and the traditional proportional-
integral-derivative (PID). The PID controller is designed as
follows:

k
u(k) = kpepia(k) — ki > epiali) — kalepia(k) — epia(k — 1)]
=0

(50)
where epiq(k) = vo(kTs) — Vrey, kp, ki, and kq are self-
adjusting parameters. According to [3] and [5], one can know
the SOSM control is designed as

U= 7[32sign([5'ej2 + B15e)

where s, = v, — Uyef, and [s.]* = |s.|? sign(.). The SOSM
controller determines the control input by

(51

1, when [s'ejz + B18e < —A
w=1 0, when fs'ejz + B18¢ > A
unchanged, otherwise

(52)

where X is a small constant. If the parameter 55 = 1 is selected,
the controller (46) becomes U = —sign([s.|* + B1s.) which
is the same as the controller proposed in [3].

In the following Section V-A, by using the Simulink tool,
we implement the controllers with three control methods, which
are the proposed HHMFC, the SOSM controller [3], and the
traditional PID controller, to control the buck converter. Then
comparisons are given. In Section V-B, we focus on the circuit

realization of the HHMFC controller and the analysis of the
experimental results is included.

A. Simulink Simulation Results and Analysis

Now we use the MATLAB/Simulink to simulate the buck
converter with the proposed HHMFC controller. And then, we
compare the performances obtained with the HHMFC, PID con-
troller, and SOSM controller, respectively. To have an effective
comparison, we will change the load resistance at 0.25 s and the
descent rate of the load resistance, which are 50% and 90%,
respectively. Thus, we can contrast the stability of the three
controllers.

First, referred to paper [3], in this article, one chooses the
parameters of the buck converter in Table I. The sampling
time T is 0.00005 (s). Next, we define the HHMFC controller
parameters. According to (10.a) and (10.b), we have

A= Lf05 7110]a B = ><0106} and C' = [10].

For the system (10.a) and (10.b), the weighting matrices are
selected @, = [184 100} and R, = 1 to have K., = [100 3.1623].
Then, one can get the control gain K, = [99.9667 3.1623] by
adding K.y and Ko, where K .o = [~0.0333 —3.333 x 107 |. For
the model system (11.a) and (11.b), we design the feedback con-
trol gain K, = [0.0733 0.00039667 | and the forward control gain
Ene = [0.1067] with the pole-placement technology. Due to the
sampling time selected Ty = 5 x 107°(s), one can perform the
digital redesign with (38), (40), and (46), and we discretize A,

0.9999 4.9985 x 10~5
B, K¢, Kpe,and Epctohave G = [ 7 g0 00900 1+ H =

[0.0037 149.9563]T, K4 = [0.1769 0.0067], E,,4 = [0.1007], and
K,,q = [0.0673 3.7752 x 10~*]. The initial conditions of (10.a)
and (11.a) are given by z(0) = [0 0] and z,,(0) = [15 0]T.
When the descent rate of the load resistance is 50%, the con-
troller parameters are givenby y; = 0.5,72 = 0.95,A; = 1, and
e = 0.057. For the descent rate of the load resistance is 90%,
the controller parameters are given by v, = 0.5, v = 0.95,
A1 =1, and € = 0.057. The reference trajectory is given by
r(t) = 15. We choose the PID controller parameters as k, = 5,
k; = 0.00005, and k,; = 400. Referred to [3], in this article,
the SOSM controller parameters are chosen as 51 = 5 X 104,
52 = 1,andA =1.

In Fig. 4, one transfers the load resistance from 100 to 50 2.
For the demonstration the robustness of the proposed HHMFC,
we reduce the load resistance by 90%, which means that 100 to
10 Q in Fig. 5. To compare the proposed controller with SOMC
proposed in [3], the specifications including line regulation, load
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°l, 1 = == TABLE Il
f B 2 DETAILED COMPONENT SPECIFICATION OF THE PROPOSED
s . 2 Buck CONVERTER
i - e Raspberry Pi A/D converter Switch device ngh/L.OW side
of . driver
) :, Raspberry Pi 3 MCP3008 IRF540 TLP250
model B+
0 005 01 015 ozms‘zl’m 035 04 045 05 oo “i"eif 04
(a) (b)
Fig. 4. Performance of the buck converter when the load resistance

transfer 100 to 50 Q. (a) Output voltage of the buck converter. (b)
Inductor current of the buck converter.

0
0 005 01 015 02 025 03 035 04 045 05

Time (s)

Fig. 5. Output voltage of the buck converter when the load resistance
transfer 100 to 10 2.

TABLE Il
SPECIFICATIONS OF Buck CONVERTER
Line Load
Regulation Regulation MOVD MOVR
HHMEFC 0.008 % 0.0667 % 0.52volt  0.03 volt
SOSM [3] 0.15 % 0.0193 % 0.65volt  0.02 volt

regulation, the maximum output voltage drop (MOVD), and the
maximum output voltage rise (MOVR) are given in Table II. The
line regulation is computed when the input voltage is reduced
from 30 to 20 V. By observing the responses in Figs. 4 and 5,
it reveals that the proposed HHMFC with digital redesign SMC
has better control performance. Using the HHMFC controller,
the transient history is very short, and smooth and better robust-
ness is obtained even if the load resistance value has variation.
Furthermore, as shown in Table II, although the SOMC in [3] is
with better load regulation performance, the proposed HHMFC
controller has better performances of line regulation and MOVD.
Thus, the HHMFC controller can suppress the disturbances
efficiently with satisfactory performances than the SOMC [3].

B. Experiment Results and Analysis

To implement the practical circuit, we use the Raspberry pi to
realize the digital HHMFC controller. Raspberry pi is a Linux-
based single-chip and has GPIO to connect other’s circuits. One
can receive the signals and output the signals through GPIO.
However, the Raspberry pi can only receive digital signals,
so one needs to have an analog-to-digital converter (ADC) to
convert the analog continuous signals to digital discrete signals.
After the calculation with the HHMFC built in the Raspberry pi,

Fig. 6. Control circuit of the proposed HHMFC of buck converter.

DS0X 20124, MY55462164: Thu J 16 16:18:48 2020

14.3V
KEYSIGHT

Channels
oc 10.0:1

Measurements
DC RMS - FS{1):

15.0V

© Channels
Displayed

Fast Debug

Neasurements

DC RMS - FS(1):

15.0V

Fast Debug

Fig. 7. Performance of the buck converter with the DRSMC controller.
(a) Performance of the buck converter with the load resistance is R =
100 Q2. (b) Performance of the buck converter with the load resistance is
R=500.

the HHMFC will output a high/low signal to control the MOSFET
with GPIO. Since GPIO only can supply 3.3 (V) and it cannot
switch on the MOSFET, we design a circuit to pull up the voltage
such that when the Raspberry pi outputs a high signal, one can
ensure that the MOSFET can be switched on successfully. The
detailed component specification of the proposed buck converter
is shown in Table III.
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Now we realize the HHMFC controller. The following de-
signed matrix parameters are selected for realization. For the
system (10.a) and (10.b), the weighting matrices are selected
as @, = 10* and R, = 1 to have K.; = [100 0.0082]. Then,
we can calculate the control gain K, = [99.9667 0.0082] by
adding K, and K .o, where Ko = [—0.0333 —3.333 x 1079].
For the model system (11.a) and (11.b), one designs the feedback
control gain K,,. = [0.0083 2.4667 x 10~*] and the forward
control gain E,,. = [0.0417]. With Ty = 5 x 107°(s), one can
do the digital redesign with (40) and (46), and one discretizes
K., K., and E,,. to have K; = [38.4476 0.0051], K,,q =
[0.0068 2.3811 x 10*], and E,,4 = [0.0402]. In this experi-
ment, the controller parameters are given by y; = 9600, v2 = 75
and € = 0.00001.

Fig. 6 shows the complete structure of the buck converter.
In Fig. 7(a) and (b), the results are obtained with the same
buck converter circuit; while the load resistance is 100 €2, the
measured output voltage is shown in Fig. 7(a), and then (b) shows
the output voltage with the load resistance 50 2. By observing
the results, it reveals that when one changes the load resistance
from 100 to 50 €2, the buck converter can still have good stability
with the HHMFC.

VI. CONCLUSION

In this article, a digital redesign technology was newly pro-
posed by integrating with SMC. The design of hybrid Hs model
following control for the buck converter can be well completed
by using the proposed digital redesign technology. It was verified
that, by using the linear quadratic analog tracker, the states of
the controlled systems can perfectly track the desired trajectory
of the model systems. Through Simulink and the realized cir-
cuit experiment, we conclude the proposed HHMFC controller
was with good robustness and the matched disturbances were
efficiently suppressed by the proposed Hs discrete sliding mode
controller.
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