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Abstract: In this paper, sliding mode control (SMC) for a bidirectional buck/boost DC-DC
converter (BDC) with constant frequency in continuous conduction mode (CCM) is
discussed. Since the converter is a high-order converter, the reduced-order sliding manifold
is exploited. Because of right-half-plan zero (RHPZ) in the converter’s duty ratio to output
voltage transfer function, sliding mode current controller is used. This controller benefits
from various advantages such as fast dynamic response, robustness, stable and small
variation of the settling time over a wide range of operation conditions. Because the
converter operates in both step-down and step-up modes, two sliding manifold is derived
for each mode. The existence and stability conditions are analyzed for both SMC in step-
down and step-up modes. Finally, Simulation results are also provided to justify the
feasibility of the controller using MATLAB/Simulink.

Keywords: DC-DC Converter, Sliding Mode Control, Current Controller, Constant

Frequency.

1 Introduction

NVIRONMENTAL consequences of using fossil

fuels and also depletion of these reserves in recent
years have caused researches to be focused on
renewable energies and interface converters. DC-DC
converters are mostly used in these applications. In the
last decade, lots of DC-DC converters have been
proposed for various applications such as extracting
maximum power from photovoltaic (PV) and fuel-cell
(F.C) systems, portable devices, hybrid electric vehicles
(HEV) and etc. [1-5]. Among DC-DC converters with
different applications, BDCs have become necessary for
HEV applications since energy storage systems are
required for cold starting and battery recharging [4].
BDCs are used in HEVs [6-9], uninterrupted power
supplies (UPS) [10-12], F.Cs [12-16], PVs [17,18],
battery chargers [19-21] and many other industrial
applications. BDCs are also used in DC micro-grid.
Regulation of DC bus voltage and uninterrupted power
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supply to the sensitive loads are important in a DC
micro-grid. Therefore, a battery-based energy storage
system is required. As aforementioned, these storage
systems are in need of BDCs. Controlling these
converters is another important subject that has been
researching. There are several control methods that are
applied to DC-DC converters such as model predictive
control (MPC) [22], passivity-based control [23], neural
networks and state-space averaging [24], fuzzy logic
[25], nonlinear H-infinity control and nonlinear carrier
control [26], [27], direct control method [28] optimum
LQR controller [29-31], nonlinear robust control with
radial basis functions [32] and SMC [33-37]. With these
controllers, the performance satisfactions such as fast
response, stability, robustness, improvement of chaos
behavior, and wide range of operating points are
reported. SMC offers several benefits, namely, large
signal stability, robustness, good dynamic response,
system order reduction, and simple implementation
[38]. There are several SMC methods such as voltage
mode, current mode, reduced order, constant frequency
and etc. Each method has various advantages and
disadvantages which should be chosen according to the
application.

In this paper, SMC is applied to a bidirectional
DC-DC converter in CCM and existence and stability
conditions are analyzed. The converter is proposed in
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[4] by the authors. The circuit prototype of the converter
is shown is Fig. 1. The converter benefits from higher
voltage gain in step-up mode and lower in step-down
mode in comparison with conventional bidirectional
buck/boost converter. As shown in this figure, the
converter in step-up mode is based on the conventional
boost converter. This cause the converter to be had
RHPZ. Therefore, a current mode control should be
applied to the converter. Besides, the converter is high
order. Therefore, reduced-state sliding mode control is
applied to the converter. Thus, reduced-state
constant-frequency sliding mode current controller
(CFSMCQC) is applied to the converter and analyzed.
This paper is divided to 6 sections. In section 2 and 3,
the controllers for BDC are discussed in step-up and
step-down modes, respectively. The sliding surfaces are
obtained and the existence conditions are checked.

Then, stability conditions are checked according to the
achieved dynamic models of BDC. Control equations
comprising signal controls and carriers are derived in
section 4. Simulation results of the converter in step-up
and step-down modes are studied under 3 different
stages in section 5. Finally, the study is concluded in
section 6. The nomenclature list of abbreviations are in
Table 1.

2 CFSMCC for BDC in Step-Up Mode

In order to design SMC for BDC in step-up mode,
state-space model of it should be obtained according to
the converter’s operation principle in step-up mode. The
equivalent circuit of BDC in step-up mode is shown in
Fig. 1(b). S1 and S3 work as power switches in this
mode.
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Fig. 1 BDC and its equivalent circuits in the step-up and step-down mode: a) BDC, b) Equivalent circuit in the step-up mode, and

c) Equivalent circuit in the step-down mode.
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Fig. 2 Current-flow path of BDC in the step-up mode:
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Table 1 Nomenclature list of abbreviations.

Phrase abbreviation
sliding mode control SMC
buck/boost DC-DC converter BDC
continuous conduction mode CCM
right-half-plan zero RHPZ
Photovoltaic PV
fuel-cell FC
hybrid electric vehicles HEV
uninterrupted power supplies UPS
model predictive control MPC
constant-frequency sliding mode current CFSMCC

controller

2.1 Operation Principle and State-Space Model of
BDC

Fig. 2 shows the current-flow path in the different
time intervals of BDC under CCM operation.
Mode I: During the interval [to, t1], S1 and Ss are turned
on and S; and S, are turned off. As seen in Fig. 2(a), the
energy of the input voltage V. is transferred to the
inductor Lj.The inductors L, is magnetized by the
capacitor C. The capacitor Cy is discharged to the load.
The state-space equations in this mode can be obtained
as follows:

di,
LGt L
di,

2 dt —'c
dve @
dt L2
dv,, v,
Hdt R,

Mode II: During this interval [ti, t2], S1 and S are
turned off and S, and S, are turned on. The current flow
path of the proposed converter is depicted in Fig. 2(b).
The energies of the V. and the inductor L; release to the
capacitor C. The capacitor C and the inductor L, release
their energies to the load. The state-space equations in
this mode can be achieved as follows:

di
1 dtu =V V¢
di
2 dI,EZ =Ve —Vy
v, @
T L1l
dv,, Y
H Gt L2 R,

From equations (1) and (2), the state-space model of
BDC can be written as:

di _
LlFI_l:VL_ Ve
di _
2 dl,gz =V —uvy
©)
Ve _gi i
dt L ez
WMo g Ve
H Gt L2 R,

where u = (0, 1) is the logic state of the power switch
SW, and i = 1 —u is the inverse logic of u.

2.2 Design of Reduced-State CFSMCC for BDC in
Step-Up Mode

In order to minimize the number of state variables that
need to be sensed and also the number of signals that
has to be generated in the controller, reduced-state
CFSMCC is used [39]. In this controller, output voltage
error and the inductor Ly current error are the controlled
state variables. The reference of inductor current is
considered as the amplified output voltage error:

iref :K(Vref _IB‘/H) (4)

where, Vi and vy are reference and instantaneous
amount of output voltage, respectively. K is a gain
which large number of it ensures a proper regulation of
the output voltage and g is represents the feedback
network ratio. The sliding surface of the controller can
be written as follows:

S =X, +a X, +oX, + o X, (5)

where a; — a4 are sliding coefficients and x; — x4 are
state variables as follows:

Xy =l —1
Xy =V —Vy

x3:I[x1+x2]dt (6)
X, =I(I[x1+x2]dt)dt

By using just state variables x; and X, the output voltage
and inductor current iy track their references exactly if
the frequency is infinite (sliding controller is ideal). But,
in constant finite frequency, the other state variables are
also required. Having a double integral term x4 of the
original state variables is to correct the steady-state
errors. This idea is based on the control principle that
the increased order of the controller improves the
steady-state accuracy of the system [39]. According to
operation principle of BDC and from equation (6), the
derivative of sliding surface can be gained as follow:
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B .
s -2
oty [(K +D)V o =By =i, |
vy | [[(K+1)V o =By ) =iy, Jdt | )

By solving dS/dt =0, the equivalent control input Ueq
can be obtained as follow:

ds Kg. v, -0v
_—a1|:_ ﬂICH _¥:|

d—S=0:>
dt
K.i -K -K dt
qu :1_ 3|CH +VL 1(X1+X2) ZI(X1+X2) (8)
VC
where Ky, Ky, Kz are
K1:a3L17K2:a4Ll,K3:ﬂL1(Ka1+az) ©
o, o, aC,

Ueg denotes the equivalent control signal of SM
controller. This value is continuous and its amount is
between 0 and 1. In order to ensure that the selected
sliding coefficient is proper for controlling the
converter, existence and stability conditions should be
checked.

2.2.1 Existence Condition

It is necessary for a designed sliding surface to check
the existence condition which says whether a trajectory
is at the vicinity of the sliding manifold directed
towards the sliding manifold. Therefore, the existence
condition for a sliding surface in the domain of 0<|S|<6
can be expressed as

SILT+S (X ,t)<0<S|I%I‘E[S (X,t) (10)

Therefore, when S — 0*, $<0,7=0

Kg. v .
o |:_C_ﬁICH —L—":|+a2 |:_C£ICH :|
H 1 H

+o,[(K+D)V o =B ]-iy ]
+0‘4U[(K +1)(V o =Py )—iu]dt]<o (1)
whenS — 0,8 > 0,a=1

Kg. vV, -V
a1|:__ICH_ 3 C:|

2 _C_.CH (12)
ra { 2 }

+a3[(K +1)[Vref _ﬂ\/H]_iLJ

vy | [[(K+1)V o =y, ) =i, Jdt | >0

yields

Kl en ming = K 2 X smag — K1 (Xl(min) + X 5 (max) ) >V (min)

—Klen mag — KX gming — Ky (Xl(max) + X 5(min) ) >Ve =V max (13)

2.2.2 Stability Condition

The stability condition can be derived by following
steps:
1. Achieve ideal sliding dynamics of the system;
2. Analysis on its equilibrium point.

Ideal Sliding Dynamics

Replacing u by Ueq and # by e from equation (8) in
equation (3) and rearranging it, yields (14). This
equation is the ideal sliding dynamics of the CFSMCC
of BDC.

Equilibrium Point

Equilibrium point is a point on the sliding surface
which the ideal sliding dynamics eventually settles in
steady state condition. It means there will be not any
changes in state variables which means:

Ve

Ve

di,, 1 {V |:K3iCH ""VL_Kl(X1+X2)_KQI(X1+X2)dt
e L

Ve

dve 1 {K;CH +vL—Kl(xl+x2)—sz(x1+x2)dt
C

Ve

dv, 1 {KsiCH +vL—Kl(x1+x2)—K2I(xl+x2)dt

(14)
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di,, di,, dvc

dt  dt  dt

dv,

=0 (15)

Therefore, from equation (3), the equilibrium point
can be obtained as follows:

its DC and AC terms and considering the fact that the
DC terms is much larger than ac terms, the linearization
of the ideal sliding dynamics around the equilibrium
point can be obtained as (17), where

KV

A=1-K.l  =1——3H ’_"H 18
3'L2 RL V|_ ( )
Vc = HVL L. . i .
5 The characteristic equation of the linearized system can
I, = Vi (16) be achieved as:
VLRL
S—a, —a; —a, —ay, —A —A
VH H
I L2 = R_ V_ —Q S—ay —a, —, —8y5 —y
t t —a5 - S —ay —ay —5; —a4 (19)
where V¢, Vi, Vu, I, Iz are capacitor C, input and Ay T8y T8 STy A A
output voltages, the currents of inductors L; and L; in -a; A, —a, a, S—ay —a
steady state, respectively. -8, -8, -8, 8y 8 S—a
Linearization of Ideal Sliding Dynamics where the elements are as (20).
Separating the ideal sliding dynamic’s equation into
dl; =7 K1|L1+Kv +K, [ KV +|L1 dt
d
di,, V. V,(1/, - . L
L _L_C_L_H(Z(K1|L1+K1VH FK (K i ot )j
2
av, V.7 \Y V, -
% (i Ky, +Ky, +K I(Kv +|Ll)dt)]+%|u{
17)
t C R/1 / 1Ll+Kv +K I(Kv +|L1)dt)
o)
sy :VAH
dt
d(fiLdt) .
dt =1,
-K -K, K -K
a, = 1’a12_0;a13_0’a14_ ll;als lz 18 = lz
vV, K, 1_ —VHK1 vV, KK vV, K,
8, = Ja, =02 T = Ao =T oG T
AL, L, AL, AL,
Vi K, (VK V
=0;a, =0;
= RCA[R CA cj B =
V2K, (/— v (/—
334 RLCﬂ V 1 S_RCA LHa36 H (20)
V., K f\_/
ay =C HR ljv _H;a42 =0;a43 =0;
V K,K V K,
B = C, R /1 " C,R, 4
ag; = O’asz = 0,653 = 0’a54 =La, = O'ase =0
A, =1;aaz = 0;363 = O;ae4 = O;aes = O;aae =0
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By applying the Routh-Hurwitz criterion to the
characteristic equation in (20), the conditions which
should be satisfied for the system’s stability can be
obtained. By these conditions and the existence
conditions, the sliding coefficients can be found.

3 CFSMCC for BDC in Step-Down Mode

The equivalent circuit of BDC in step-down mode is
depicted in Fig. 1(c). S, and S4 work as power switches
in this mode. Designing SMC for BDC in step-down
mode is same as step-up mode with the same steps.

3.1 Operation Principle and State-Space Model of
BDC

The current-flow path in the different time intervals of

BDC in step-down mode and under CCM operation is
exhibited in Fig. 3.
Mode I: During the interval [to, t1], Sz and S4 are turned
on and S; and Sz are turned off. As seen in Fig. 3(a), the
energy of the input voltage Vy is transferred to the
inductor L, and the capacitor C. The capacitor C charges
the capacitor C. magnetizes the inductor L;. The state-
space equations in this mode can be achieved as
follows:

1%: c Vi
2% VH C
dv (21)
C—L=i,-i
dt L2 L1
dv,, i _Vu
Tdt MR,

Mode II: During this interval [ti, t2], S, and S, are
turned off and S; and S are turned on. The current-flow
path of the proposed converter is depicted in Fig. 4(b).
The inductor L, releases its energy to the capacitor C.
The inductor L, is demagnetized to the load. The state-
space equations in this mode can be obtained as follows:

di
L,—t=-v
1 dt L

(22)

From equations (1) and (2), the state-space model of
BDC can be written as:

di
Llﬁzuvc_ L
di
2 d'tz =uvy —Ve
dv (23)
_C_ILZ UiLl
dt
oo v,
L 4t L1 R,

3.2 Design of Reduced-State CFSMCC for BDC in
Step-Down Mode

The sliding surface of the controller can be written as
follows:

S =a X, +a,X, +aX, +aX, (24)

where a; — a4 are sliding coefficients and x; — x4 are state
variables as follows:

Xy :iref _iL2
XZZA/M =V
xgzj[xl+x2]dt (25)

X, = .[(j[xl +xz]dt)dt

The reference of inductor L, current in step-down mode

iref :K(Vref _:&/L) (26)

1

1

1
1

e
W

-
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(b)
Fig. 3 Current-flow path of BDC in the step-down mode:
a) Mode | and b) Mode II.
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The derivative of sliding surface can be gained as
follow

d | c, ¢ L,

+o, [ (K +1)V o =B ]-i, ]
vy | [[(K+1)V o =, ) =i, Jot | @7)

By solving dS/dt =0, the equivalent control input Ueq
can be obtained as follow

ds

=0

dt

" __K3iCL_VC_Kl(xl+x2)_KZI(X1+XZ)dt (28)

eq VH

where
L L L, (Keg +

K, =272 K, =% 2,K3=ﬂ (K + ) (29)
o o aC,

By knowing the sliding surface and its derivation, the
existence condition can be checked whether the sliding
surface is proper for controlling the converter. It is
worth noting that this converter in step-down mode does
not have RHPZ. Therefore, just output voltage error can
be considered as state variable in the sliding surface.
However, in this case, the inductor current L, will be
oscillated very much which causes the other
components endures excess current stresses. Therefore,
considering inductor L, current error as another state
variable would be more proper.

3.2.1 Existence Condition

The existence condition for a sliding surface can be
expressed like step-up mode. When S>0, §<0,u=1

a{—gi _Vu Ve }

+a, {—ﬁia}
CL

+a, [ (K +1)V

_ﬂ\/L]_iLzJ
s, [ [[(K+1)V o =B ) =i, Jdt | <0 (30)

WhenS<0,8>0,u=0

B .
af-21]
ot [(K+1)V o = ]=i 1, ]
vty | [[(K+1)V o =) =i, Jdt [0 (31)

yields

K3ICH (min) -K 2X3(max) - K1 (Xl(min) +X 2(max)) >Vy (min) —Ve¢

Ky g — KX g — K (Xl(max) +X z(min)) >Ve

(32)

3.2.2 Stability Condition

The steps which followed in step-up mode for
checking the stability condition should also be followed
in step-down mode. Therefore, in order to avoid
repetition, just the results of calculations are discussed.
The equilibrium point of BDC in step-down mode can
be obtained as

(33)

ILZ_

V
R
Vi Mo

R, \V,

The characteristic equation of the linearized system

around the equilibrium point can be achieved like
equation (19) with the replacement of vy by v and Cy

by C.. Therefore,
&\F; a3 =0;

-KC ,\7
1= =L 7L;alz =
1(KC !EZ
amzl:[ ;LL"'Klj 7a15_
R e e
1 H 2 2

1 K.C K,K K
aza=0;324=r{K1+ é L}azsz LZ haze:l_i2
2 L 2 2

1 V. KLC, ). 1 K, ). "
33126[\}; M +LTiLJrazz :E[l'*'RiLl]vaaa :ﬁv (34)

&

\Y K.C K,KV KV
8, = L K, - L | .= 2NV jay = M

CR, R, CR, CR,

1 -1
a41:C7;a42:0;a43:0;a44*W 0346*0

L
ay = 0;a;, = 0;a,, = 0,8, =18, = 085 =0
8 =13, = 0;a, = 0,8, = 0;a, = 08, =0
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By applying the Routh-Hurwitz criterion to the
characteristic equation in (33) and considering the
existence conditions, the sliding coefficients can be
found in this mode.

4 Derivation of Control Equations for CFSMCC

In order to simulate or implement CFSMCC for a
converter, the translation of equivalent control signal
ueq to duty ratio should be derived. While control
equation depends on ueq, it is different for step-up and
step-down mode. Since the frequency of the controller
is fixed, control signal should be compared with a
triangular or saw-tooth carrier wave. Therefore, a signal
control and the peak value of carrier should be obtained.
As aforementioned before, ueq is bounded by 0 and 1.
Therefore, signal controls and the peak value of carriers
in step-up and step-down modes is selected as follows:

Step-up mode:

vg =k ([[(K +2)V o ~v,y ) =i, Jolt)
+h, (K +1)V g vy )—iyy) (35)

_k3ICH Ve =V,
Upamp =V

ramp

Step-down mode:

v =k ([[(k +D)V o —vL)—iLz}dt)
+k2((k +1)(Vref _VL)_iLZ) (36)

_k3|0|_ +Ve

5 Simulation Results

In order to justify the feasibility of the designed
CFSMCC for BDC, simulation results by
MATLAB/Simulink are discussed in this section. Fig. 4
shows CFSMCC for BDC in step-up and step-down
modes. The switching frequency is fixed and equals
40KHz. The converter is simulated under 400W which
is changed with step changes of output voltages and
output power in stages 2 and 3, respectively. During the
simulation, the low voltages, high voltages and load
resistance RL are changed in order to verify the
performance of CFSMCC according to transient
responses.

The simulation results are divided into 3 stages. In
these stages, the transient responses of the converter’s
voltages and currents with step changes of them are
studied. The step changes are applied to the converter at
t=0.05s and t = 0.1s.

5.1 Simulation Results in Step-Up Mode
Stage 1:

In stage 1, the input voltage of BDC in step-up mode
is changed. The transient response of the converter’s
voltage and currents are shown in Fig. 5. This picture
shows the simulation results of BDC in step-up mode
for input voltage V. step changes from 25V to 30V at
t=0.05s and 30V to 25V at t = 0.1s with load resistance
of 50Q. Vy in this mode is 150V and output power is
450W. As shown in Fig. 5(a), at t = 0.05s, the output
voltage Vy has overshoot of 11V (7.7%). The steady
state output voltage error is 8V which is about 5%. At
t=0.1s, undershoot of output voltage is 12V (8.5%).
The steady state error and the ripple of output voltage
are about 8V (4%) and 0.75V (0.5%), respectively. The
inductor L2 current is shown in Fig. 5(b). The overshoot
in second step change is about 10A (50%).

Stage 2:

In this stage, the reference value of output voltage is
changed from 150V to 140V at t = 0.05s and 140V to
150V at t= 0.1s with load resistance of 50Q. The
simulation results of this stage are shown in Fig. 6. As
shown in Fig. 6(a), the output voltage sets at its
reference value with steady state error of about 6%,
voltage ripple of 1V (0.7%) and no overshoot and
undershoot. The overshoot, undershoot and setting time
of inductor L, current is same as output voltage

(Fig. 6(b)).
Stage 3:

In this stage, the load resistance is changed from 50Q
to 75Q att = 0.05s and from 75Q to 50Q at t = 0.1s.
Since the output voltage is fixed at 142V, the output
power is changed from 400W to 270W and vice versa.
The simulation results of this stage are shown in Fig. 7.
Since the components of the converters are considered
as ideal, the output voltage changes are negligible
(Fig. 7(a)). Fig. 7(b) shows the inductor L, current. As
shown in this picture, the overshoot and undershoot of
iL2 is negligible.

5.2 Simulation results in step-down mode
Stage 1:

In this stage, the input voltage VH of BDC in step-
down mode is changed from 150V to 140V at t = 0.05s
and from 140V to 150V at t = 0.1s with load resistance
of 2Q. The simulation results of this stage are shown in
Fig. 8.

As shown in Fig. 8(a), the output voltage V. has
overshoot and undershoot of 0.5V (2%), steady state
error of 0.5V (2%) and voltage ripple of 0.03V. the low
voltage ripple in this mode and low overshoot and
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undershoot is because of inductor Ly which is connected
to the output. The inductor L; current is shown in
Fig. 8(b). As shown in this picture, the inductor L;
current is about 12A with ripple of 0.5A. The transient
changes of this current are negligible.

Stage 2:

In this stage, the reference value of output voltage is

changed from 30V to 25V at t = 0.05s and from 25V to
30V att =0.1s with load resistance of 2Q. As shown in
Fig. 9(a), the output voltage V. tracks the reference
value with steady state error of about 0.8% and voltage
ripple of 0.02V (0.066%) and no overshoots and
undershoots. Fig. 9(b) shows the inductor L; current. As
shown in this picture, undershoot of the current at
t = 0.05s is about 8A (38%) and the overshoot at t = 0.1s
is about 6A (40%).

g Ly ]

)
<

Fig. 4 Simulated circuit of reduced-State CFSMCC for BDC: a) Step-up mode and b) Step-down mode.
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Stage 3:

In this stage, load resistance is changed from 2Q to
1Q at t=0.05s and vice versa at t =0.1s. The output
power then is changed from 300W to 200W and vice
versa. The simulation results of this stage are shown in
Fig. 10. As shown in Fig. 10(a) the output voltage V.
has overshoot of 0.5V at t = 0.05s, undershoot of 0.5V
at t=0.1s, steady state error of 0.6V and negligible
voltage ripple. The inductor L; current waveform is
shown in Fig. 10(b). As shown in this picture, the
inductor L; current is changed from 12A to 8A at
t=0.05s and vice versa at t = 0.1s with ripple of 0.5A.
The transient changes are negligible. From studied
simulation results, it can be concluded that the designed
CFSMCC for BDC has good performance. The transient
responses steady state errors are acceptable.

In Fig. 11, a PI controller is applied to BCD in step-
down mode. The output load is 2Q. The reference is
changed from 30V to 25V and 25V to 30V at t = 0.02s
and t=0.04s, respectively. The output load is also
changed from 2Q to 1Q and vice-versa at t = 0.06s and

t=0.08s, respectively. As shown in this figure, the
overshoots and setting times of this controller is higher
than SMC.

6 Conclusion

In this paper, SM control for BDC is discussed. The
proposed proper control for BDC in this paper is
reduced-state CFSMCC. The controller is designed for
both step-up and step-down modes individually. The
sliding surfaces are chosen using state space model of
the converter. The dynamic models of the converter in
both step-up and step-down modes are studied.
According to sliding surfaces and their derivative
equations and also dynamic models of BDC, the
feasibility of them is proved by checking existence ad
stability conditions. At the end, the signal controls and
the carriers are obtained. Finally, the designed controller
is applied to the converter in MATLAB/Simulink under
various high and low voltages and output powers. The
transient response of the simulated converter is studied
and the feasibility of the designed controller is justified.
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