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Abstract: In this article, a novel systematic approach is proposed for a partial sliding mode controller
(SMC) design and tuning in non-minimum phase switch-mode power supplies (SMPS). To achieve a
more simplified controller in comparison with the conventional SMCs, the partial SMC (PSMC) is
introduced in this article, which just requires a part of the sliding surface for controller formulation.
The accuracy of the developed PSMC is proved mathematically within the entire range of operation.
Since the control parameters of the PSMC are not selected by trial and error, it can maintain the stability
and robustness of the closed-loop system in a broad operational range. In this regard, and to develop
a systematic approach for robust control of SMPS, a constant frequency equivalent SMC is designed
using the converter nominal parameters. Then, the extracted controller is combined with an adaptive
component to ensure asymptotical stability against load and line changes. Considering the Lyapunov
stability criteria for nonlinear systems, it is proved that the presented SPMC can be used for output
voltage regulation in both discontinuous and continuous operating modes with zero steady state
error. To avoid the trial and error method during the controller tuning and parameters selection, the
system characteristic equation is extracted using the Jacobian approach. Considering the roots of the
characteristic equation and the stable range of the closed-loop system, the controller parameters are
tuned. Furthermore, in addition to simulation, the developed approach is evaluated practically using
the TMS3220F2810 digital signal processor. It is shown that the dynamic response of the proposed
approach is faster than the standard double-loop SMC during load and line changes. Additionally,
it is seen that the developed controller is robust against model changes in both continuous and

discontinuous operations.

Keywords: PSMC; controller tuning; robustness; equivalent control; disturbances; asymptotic stability

1. Introduction

It is well known that direct output control voltage control of switch-mode power
supplies (SMPS) in a wide operating range is significantly complicated due to the nonlinear
model, as well as the non-minimum phase nature of switching regulators. Moreover, a
couple of uncertain parameters, such as input voltage, load resistance, and other model
parameters, leads to model deviation from the nominal operating point. Furthermore, in
practice, load variations can result in the operating mode changes between continuous and
discontinuous conditions, which can complicate controller design tasks more challenging
for SMPS. For these reasons and considering the switching nature of DC choppers, the
application of the SMC as a robust non-linear controller drew more attention in recent years.
For example, maximum power point tracking of the photovoltaic arrays [1], bus regulation
in DC micro-grid systems, and feeding constant-power loads [2], sensor less speed control
of the permanent magnet DC motors [3], wireless charger for hybrid electric vehicles [4],
and emulator design of an electromechanical actuator used in the more electric aircraft [5]
are some examples of nonlinear controller design using the SMC.

One of the well-known challenges of SMC design for SMPS is the output voltage error
of the controller within the steady state operation [6]. This issue can easily be mitigated by
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adding the output voltage error into the final controlling rule. However, such an approach
will significantly deteriorate the fast dynamic response of the SMC. In [7], it is tried to
obtain a fast dynamic response by elimination of the integral component using an implicit
discrete-time terminal SMC. The controller is developed to directly regulate the output
voltage of the buck DC-DC converter, which is a minimum phase system from the controller
design viewpoint. Hence, such a method cannot maintain closed-loop stability in a wide
operating range of non-minimum phase SMPS.

To eliminate system steady state error and also increase controller robustness against
model uncertainties, a novel double-integral SMC is presented in [8] for buck DC-DC con-
verters. In contrast to conventional integral-based SMC, it does not require the current sig-
nal of the output capacitor, which leads to simplification of the closed-loop system. Hence,
the mentioned double-integral SMC can be implemented by using analogue amplifiers.
Additionally, its transient response is significantly faster than the standard double-loop
approaches in the continuous conduction mode of operation. However, the controller of [8]
suffers from a significant overshoot/undershoot during the transients. As the dynamics of
the output capacitor are not considered properly during the controller design, its overall
performance in a wide operating range, e.g., at discontinuous operation, is questionable in
terms of stability and robustness.

In [9], an SMC is designed for maximum power point tracking of the photovoltaic
arrays using buck DC-DC converters. The SMC is developed in a way that fewer sensors
are required in the closed-loop system. However, due to the pulsating nature of the
converter input current, as well as the low voltage of the photovoltaic arrays, the buck
DC-DC converter is not an appropriate candidate for photovoltaic systems. Additionally,
the controller designed in [9] cannot be applied directly to other non-minimum phase
DC-DC converters.

In [10], robust output voltage regulation of the boost DC-DC converter is studied using
cascaded SMC and PI controllers. Considering the non-minimum phase nature of the boost
converter, the proposed sliding surface in [10] includes both output voltage and inducer
current errors. In this regard, the relationship between reference values of the inducer
current and output voltage is calculated through the steady state analysis of the converter.
However, such an approach is not correct during transient conditions. Additionally, the
steady state analysis is carried out by using the ideal model and the effect of the parasitic
elements, e.g., the equivalent series resistances of an inductor, output capacitor, and power
switch are neglected. Hence, the controller can have a significant steady state error in a
broad range of operations, if the role of parasitic resistances is not negligible.

To eliminate output voltage steady state error in non-minimum phase converters, the
two-loop controlling approach is a promising method. It includes an external voltage loop,
which determines the reference signal for the internal current loop. For example, in the
two-loop controller of [11], a linear proportional-integral controller is used for voltage loop
implementation and an SMC for the inner current loop. Application of the integrator in
the voltage loop can eliminate output voltage steady state error. However, the dynamic
response cannot be fast due to successive delays of cascaded controllers.

To improve the response of SMC against uncertainties, it can be combined with adap-
tive controllers [12]. The adaptive part of the controller is responsible for load estimation
and generating the sliding surface. Hence, it can achieve a more robust behaviour during
load changes. The controller is designed using the full averaged state space model of
the system in continuous conduction mode. For this reason, the final control law is a
complex equation and its practical implementation is more challenging, which is a common
drawback of adaptive controllers, e.g., adaptive backstepping [13].

In terminal SMC, by using a nonlinear sliding surface, the converter transient response
can be improved significantly. However, the response convergence is entirely sensitive
to the initial values of state variables. To cope with this issue, the conventional and
terminal SMCs were combined using a nonlinear/linear switching function. However,
the developed hybrid controller presented in [14] has a variable switching frequency.
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Additionally, a systematic method for controller tuning and gains selection is not provided.
Furthermore, it can only be applied within the continuous conduction operation.

It should be noted that due to the simplicity of design, as well as ease of practical
implementation, the SMC application for closed-loop control of power electronic converters
increased sharply in the recent decade. The standard SMC design begins with the definition
of a sliding surface, which can be a linear combination of the system error variables. Such a
surface divides the phase plane into two separate parts. System response can be directed
toward the sliding surface and desired operating point if an appropriate switching state is
applied on each side of the sliding surface. In this regard, if the switching frequency is not
controlled directly, the chattering issues can deteriorate the controller response.

By defining an adjustable hysteresis band around the sliding surface, one can limit the
switching frequency changes within the allowable margin [15]. This approach (hysteresis-
base SMC) is an interesting method since the controller does not include a separate control-
ling gain and the issues associated with its tuning are not observed. On the other hand,
to maintain the system stability in a wide operating range against system uncertainties,
adjustment of the hysteresis band is a significantly challenging task, because exact values of
the input voltage, load resistance, and inductor should be measured directly. Additionally,
it does not guarantee the fixed switching frequency operation during the transients.

On the other hand, an equivalent control method is another approach for model-
based fixed-frequency SMC design [16]. The duty cycle of equivalent-based SMC is simply
obtained by setting the time derivative of the sliding surface to zero. Then, the devel-
oped duty cycle is applied through a PWM unit to the power switch. The drawbacks of
equivalent-based SMC can be summarised as:

1. The control rule includes a couple of gains. Hence, if the SMC is tuned by trial and
error, its superior performance cannot be guaranteed in a wide range of changes in
terms of closed-loop stability and robustness.

2. Ifthe dynamics of all state variables are used in the sliding surface, the final control law
can be a complex function in SMPS. For this reason, the practical implementation of the
SMC is not straightforward. Moreover, SMC combination with adaptive controllers
(although it improves the controller’s stability against uncertainties), requires more
time-consuming real-time calculations.

To cope with mentioned issues, a novel PSMC is developed for non-minimum phase
SMPS. The design includes a systematic approach for both control extraction and gains
selection. The proposed controller is developed just by using a part of the sliding surface,
which can result in the significant simplification of the final control law. Such an approach
leads to the introduction of partial SMC as a simplified fixed-frequency sliding mode
controller in this article. The effectiveness of the designed PSMC is proved mathematically
within the entire range of operation using the Lyapunov criteria. It should be noted that
due to the systematic selection of the controller’s gains and avoiding the trial and error
method, the controller can maintain the stability and robustness of the closed-loop system
in a broad operational range. To provide a systematic method for robust control of non-
minimum phase SMPS, first, a constant frequency equivalent SMC is designed using the
converter nominal parameters. Then, the extracted controller is combined with an adaptive
component to ensure asymptotical stability against load and line changes. Using the
Lyapunov stability method, it is shown that the designed PSMC can be successfully used
for output voltage regulation in both discontinuous and continuous operating modes with
zero steady state error. In addition to simulation results, the controller is implemented
practically using the TMS3220F2810 digital signal processor from Texas Instruments for
experimental verifications. It is proved that the dynamic response of the proposed approach
is faster than the standard double-loop SMC during load and line changes. Additionally, it
is seen that the developed controller is robust against model changes in both continuous
and discontinuous operations.
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2. Conventional SMC Design

In this section, the averaged state space modelling of the SMPS, e.g., buck/boost
DC-DC converter and its non-minimum behaviour during direct output voltage control is
reviewed. Additionally, the application of cascaded two-loop controllers and their different
implementation methods are introduced. Finally, another SMC and how the outer and
inner loops can be merged are explained. Such an approach mitigates the issues of standard
two-loop controllers in terms of loop delays.

2.1. Non-Minimum Phase Nature of the Converter

According to Figure 1, the converter-averaged state space model in both discontinuous
and continuous modes can be written as [17]:

M

%1 = T%(l —u)x —Z%Xz +1%u — (1A
xp = ¢(1—u)x1 — x1 — geX2

where u is the system control input (duty cycle). Obviously, in continuous operation, the
value of A is zero. In discontinuous operation, the value of this parameter depends on
the load resistance, inductor value, and switching frequency. Assuming u = D +d and
neglecting 71, small-signal transfer functions of the converter in continuous mode can be
obtained where D is the converter duty cycle and d indicates its small-signal changes.
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Figure 1. Buck/boost DC-DC converter and inducer current waveform in discontinuous conduction
mode. The value of A is zero in continuous operating mode.

2.2. Output Voltage Indirect Control

Considering the presence of a right half plane zero in (2), clearly the Hy (s) = % is
a non-minimum phase system and hence, the stability of the closed-loop system cannot
be maintained in a wide operating range if an output voltage direct controller is used.
However, such an issue is not observed within the inductor current control. By setting the
state variables derivatives zero in (1):

() (%)

where [} and V, are inductor current and output voltage, respectively, in steady state
operation. Equation (4) indicates that there is a direct relationship between system state
variables. Hence, the output voltage can be controlled indirectly by adjusting the inductor
current using the block diagram illustrated in Figure 2a. However:



Electronics 2023, 12, 1438

50f18

V, (ref) v, % I(ref)] i
Iye = A+ ol;.ef) oref | 1L % inductor current
L

— duty cycle

R " controller
(a)
V,(ref) Output voltage inductor current |, duty cycle
> < controller controller
v,

inner loop current

outer loop voltage

(b)

Figure 2. Indirect control of the output voltage. (a) Indirect control of the output voltage in non-
minimum SMPS. (b) Two-loop control of the non-minimum phase SMPS.

(a) Equation (4) is only valid during the steady state operation and it cannot be applied
at transients;

(b) Since an ideal model of the converter is used for the formulation of Equation (4),
it can lead to a significant error if model non-idealities play an important role at a
specific operating point (e.g., while the load resistance is as small as the inductor
series resistance);

(c) Since the values of R and V; are uncertain in (4), extra sensors and units are required
for the estimation of mentioned uncertainties.

To overcome these issues, a two-loop control approach, as shown in Figure 2b, can be
used. In this method, the external control loop determines a reference signal for the inductor
current. Direct feedback of the output voltage in addition to using a PI controller in the
external loop can remove the steady sate error efficiently, despite the model uncertainties.

2.3. Implementation of the Two-Loop Controller

Different approaches can be used for the implementation of two-loop controllers,
shown in Figure 2b.

Cascade linear controllers: Both controllers of the internal and external loops can be
implemented using Pl-type linear controllers. However, a PI controller cannot stabilize the
SMPS in a wide range due to the nonlinear nature of DC-DC converters.

Combined nonlinear/linear controllers: Nonlinear controllers, such as SMC are em-
ployed for the implementation of the internal current loop. However, the external loop is
designed based on a linear controller, and as a result, despite some improvements in the
performance of the internal loop, the stability of the whole system cannot be guaranteed in
a wide range of changes.

Cascade nonlinear controllers: Generally, both loops in Figure 2b can be implemented
using nonlinear controllers. However, such an idea is not a promising approach if the
SMC is selected as a nonlinear controller due to the switching nature and chattering issues
of SMC. In other words, a proper smooth reference current cannot be generated for the
internal loop using an SMC in the voltage loop.

2.4. A Unified Single-Loop Indirect Controller

In addjition to the mentioned disadvantages of a two-loop controller, it suffers from a
slow transient response due to the application of cascaded controlling loops. During the
transients, the response of the internal loop will postpone until the steady state operation
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of the external loop and completion of reference current generation. To cope with this
problem, a unified single-loop SMC can be employed for indirect control of the output
voltage in SMPS where separate controlling loops are not required.

It should be noted that the unified single-loop SMC design is a straightforward task.
At first, the inducer reference current is defined.

iLref :kp(V,ef—XZ) + k1 /‘(Vrgf—XZ)dt (5)

So, the error variables are introduced.

21 = iref - X
Zy = Vref — X2 (6)
z3 = f(Zl + Zz)dt

Defining the sliding surface as S(z) = a121 + a2z + w323, equivalent SMC can be
obtained using S(z) = g—f = 0 and Equations (1), (5), and (6).

_ -1 Délkp(flﬁ’A) A
Heg = [(“1kp/c)x1+(*lx1/L+042/C)X2*061Vm/L} x {[ C T 0&3}361—1—

[ (5 + 92) 4o (=& + g ) [ + ki +as(kp + D)) (Vieg = x2) + - @)
wsk; f(vref — )Q)dt}

Although the unified single-loop SMC expressed in Equation (7) can stabilize the SMPS
in a wide operating range in both continuous and discontinuous modes, its drawbacks can
be summarised as follows.

a. The values of both A and V; in the mentioned SMC are uncertain;

b.  The controller implementation is not straightforward due to the complexity of the
control rule;

c. A proper method for selection of the controller gains, including &1, a2, a3, kp, and kj,

should be addressed. If these parameters are selected by trial and error, it does not
guarantee the optimum operation of the system in a wide range.

To cope with these issues, a novel approach for partial SMC design and tuning is
presented in this article.

3. Novel Adaptive Partial SMC Design and Tuning

In this section, a novel simplified adaptive partial SMC (PSMC) is introduced for
closed-loop control of the SMPS in both continuous and discontinuous operations. At first,
considering the model uncertainty, the general model of the non-minimum phase SMPS
is rewritten. Then, the PSMC is presented for output voltage regulation. To ensure the
stability of the closed-loop system, controller gains are determined by extracting the system
characteristic equation and using the roots locus analysis. Finally, the presented PSMC is
modified to improve the robustness of the controller against the model uncertainty and
also during the mode changes between the discontinuous and continuous operations. The
asymptotical stability of the adaptive PSMC is proved using the Lyapunov stability criteria.

3.1. Equivalent PSMC Design

In general form, the converter averaged state space model can be rewritten as:

{ x1 = —01(1 — u)xp + Ox2 + O3u — O7x7 ®)

jCz = 94(1 - u)x1 — 953(1 — 96x2
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where 0 = 1, 0, = 2,0, = 71,0, = 1,05 = 2,65 = 7, and 6; = /- (1 — A). It should
be noted that the nominal and real values of these parameters might be different. So,
parameter nominal values can be defined in continuous operating mode as follows:

1 Vi 1
O1n =1, 00 =0,03, = (f’)nZﬁ, Osn =, 05n =0,

O6n = (%)n = ﬁcn 07, = 0.

©)

In this regard, J; is defined as the difference between the nominal and real values of
the i-th parameter.
0; = 0;, + J; (for i=1t07) (10)

By replacing (9) and (10) in the system model in (8)

561 = —an(l — M)XZ + O3,u + wq
. (11)
Xp = 04, (1 — 11)x1 — Ogpx2 + w2
where model uncertain functions, w; and wy can be expressed as follows:
wy = —61(1 — u)xp + dpxp + d3u — d7x1 (12)
Wy = (54(1 — M)Xl — (559(?1 — 56XQ ’

Assuming that all parameters are bounded, it can be concluded that w; and w; are
bounded functions as well.
To design the PSMC, system error variables are defined first.

21 = Ippef — 1
13
22 = Vyef — X2 13)

To eliminate the output voltage error of the controller, the inducer reference current
can be defined as follows:

ILref = k[/szt (14)

The equivalent controller is designed based on the nominal values of the model
parameters in (11) and the controller will be modified in the next sessions to cope with
the model.

So, neglecting the bounded uncertain functions, the model can be simplified as follows:

{9?1 = =01, (1 = u)x + 031 (15)
Xg = 04, (1 — 1) x1 — Ogux2
Sliding surface can be defined as:

S=z14+2z+k /(21 + zp)dt (16)

where k is a positive scalar. If it is assumed that the converter dynamics are settled on the
sliding surface, then S = 0 is obtained. As a result in sliding mode, the time derivative of
the sliding surface will be zero as well.

S=0—z1+2zy+k(z1+22) =0 (17)
Or .
S=M+N=0 (18)
where .
M = (Zz +k22)

N = (31 +kz). (19)
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Considering Equations (13) and (14), N can be written as follows:
N =kjzp — x1 + kz;. (20)

Considering parameters nominal values and using (15), equivalent partial SMC can be
obtained by setting Equation (20) to zero.

1

=— (0 k k 21
b1yt O, (O1nx2 + kzq1 + k1 22) (21)

qu

In the next section, it will be proved that the next part of the sliding surface (function
M) will also be zero under the designed PSMC. Such an idea results in a simpler SMC
because only part (not the whole) of the sliding surface is used for SMC design. By setting
error variables to zero in Equation (21), the following equation can be obtained for the
steady state operation, which is a well-known formula in buck/boost DC-DC converters:

= (22)

3.2. PSMC Tuning
In this section, the controller tuning and gains selection processes (k and k) are studied.
Assuming a;, = %, ki = %, and k, = GkTIn , the PSMC controller in (21) can be rewritten as:

Ueq (X2 +kiz1 + ko Zz). (23)

x2+06n

By placing (23) in (15) and using Equation (13), the following closed-loop model can
be obtained:

x1 = b1y [kl (ILref - xl) + k2 (Vref - xz)}
{ X3 = Oanx1 — Oenx2 — f;j‘,fn [xz + k1 (ILref - xl) + k2 (Vref - xz)} ‘ 9

Simply by setting Equation (24) to zero, the steady state operating point of the con-
verter can be obtained as (Xi5, Xo5) = (Iuef, V,gf>, where I1.f = % (1 + V{/‘; )
According to Jacobin’s linearization approach and assuming small-signal changes in

the state variable (X7, X3 ), a non-linear system can be linearised around an operating point.
Considering the model of a nonlinear system as

{J'q = fi(x1,x2) (25)

X2 = fo(x1,x2)

and assuming x; = Xjs + X1 and xp = X5 + X7, the linearised model of (25) can be written
as follows:

(x1,x2) = (%, %) (26)
where [ isa 2 x 2 square matrix which is called a Jacobin matrix. Different arrays of the
Jacobin matrix can be calculated as follows:

_ 9

a;j = a—x] (fori,j=1,2). (27)

operating point

Considering the system model in (24), the Jacobian matrix can be calculated.
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a11 = —kq101,
a1y = —k201,
k104, Lor — 04, V,,
az1 = 9471 + W (28)

_ 94nILref(k2 - l) 94nILn’eref
ax = —bg, + Ve T #r Vrer + an)?

In this regard, the nominal values of the converter parameters are listed in Table 1.

Table 1. Nominal parameters of the buck/boost DC-DC converter.

Parameter Symbol Value
Input voltage V; 12V

Inducer L 550 uH

Output capacitor C 330 uF
Load resistance R 850

Assuming V,.r = 5V, converter reference current can be calculated using (4), which
results in I,y = 0.83 A. Considering (28), the Jacobin matrix can be obtained using
nominal parameters.

—k —k;p

J= 0.08k + 2140 0.08k; — 460.9

(29)

System characteristic equation for the designed controller can be calculated using
|sI — J| = 0 where s is the Laplace operator.

s2 4 (460.9 + k — 0.08k;)s + 460.9k +2140k; = 0 (30)

Considering the stability theory, the roots of Equation (30) should be in the left half
plane. In Figure 3, changes in the characteristic equation roots are illustrated for different
gains. It is observed that for k = 200, a stable range of the designed controller is obtained
as 0 < k; < 8100.

800
600
4001
200

0_

Imaginary part

=200+

-400 -

-600+-

- | | | | | | | | |
8—%%00 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0
Real part

(@)

Figure 3. Characteristic equation roots and output voltage of the closed-loop controller for different
controller gains. (a) Characteristic equation roots during charges of k (k; = 200); (b) characteristic
equation roots during charges of k; (k = 200); and (c) step response of proposed PSMC for different
values of kj at the start—up moment.
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(©)
Figure 3. Cont.

3.3. Modification of the Designed Controller: Adaptive PSMC

Considering the uncertainties of the converter model in Equation (11), the designed
PSMC in (21) is modified in a way that more robust behaviour can be obtained from
the developed closed-loop system. If the model’s actual parameters are not equal to the
nominal values, then S # 0 and the system response will not be settled on the sliding
surface. Considering Equations (11), (17), and (20), the sliding surface derivative can be
written as: ) )

S=S5,+q (31)

Sn = kyzp + kz1 + 601, (1 — u)xy — O3,u (32)
q= Zy + kzp + 61 (1 — u)xz — 0oxp — 03U + dyxq (33)
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where S, is the nominal sliding surface. So, on the sliding surface S = S, = 0. All of the
system uncertainties are expressed by ¢ in (31).

In this article, a novel modified PSMC is presented considering system uncertainties
as follows:

U= U+ U= [01nx2 + kz1 + k1zo + kS + psgn(S)] (34)

01,%2 + 03,

where 1, is the system equivalent controller for (35) nominal parameters.

Hence, the controller gains should be selected in a way that 0 < u < 1. Additionally,
k¢ is a positive scalar. In (34), the term k¢S modifies the reaching path of the controller
toward the sliding surface. Furthermore, the parameter p is an estimation from the highest
value of system compressed uncertainty function g:

lal <p (35)

Despite the model uncertainties and load disturbances, it can be proved that the
system response will place on the sliding surface using the modified controller in (34). In

this regard, S can be simplified by replacing (34) in (31) and (32).

S = —[kcS+psgn(S)] +q (36)
If the Lyapunov function is defined as

1 1_
V= 552 + Ep2 (37)

where p = p — p, then the time derivative of the Lyapunov function will be
V =SS + pp. (38)

By placing (36) in (38) and also considering ﬁ = ﬁ, the derivative of the Lyapunov
function can be simplified.

V = 8{~[kcS + psgn(S)] +q} + p(p — p) (39)
Assuming p = |S| and S x sgn(S) = |S|, the Equation (39) can be rewritten as
V = —kcS?+4S —plS|. (40)

It is clear that gS < |q]|S].
Hence, the following equation can be obtained:

V < —kcS?+[S|(lg] — p)- (41)

Since the term —kcS? is not a positive expression, and also assuming || < p in (35), the
Lyapunov function derivative will be a negative semi-definite function. So, asymptotical
stability of the system will be proved using the developed adaptive PSMC in (34) and the

estimation law as p = |S|.

3.4. Another Approach for Modification of the PSMC

To improve the system’s robustness, an adaptive PSMC is presented in the last section
and the estimation law is extracted. According to (42), it can be shown that if |g| is a
bounded parameter, asymptotical convergence of the proposed controller can be proved
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just by choosing p > |g|, despite the model uncertainty. In such a way, the estimation rule
will no longer be needed.

1

=_—— 10 k k S 42
u 91nx2+93n[ 1nX2 + kz1 + kizo + psgn(S)] (42)

By replacing the modified controller of (42) in the (31) and (32), the time derivative of
the sliding surface can be obtained.

S = —psgn(S) +q (43)

Assuming the Lyapunov function and its time derivative as

1., - .
VZES -V =55 (44)
and by replacing S from (43) in (44)

V = S(—psgn(S) +q) = —p|S| +4¢5. (45)

Considering g5 < |q]|S|, Equation (45) can be simplified as
V = —p|S| +45 < —pIS| + |q/IS]- (46)

Hence, if the parameter p is selected to meet the condition p > |g|

vV <|s|(=p+1g)) <0. (47)

Hence, despite the model uncertainties, it is observed that Visa negative semi-definite
function, which proves the asymptotic stability of simplified PSMC in (42).

4. Simulation and Practical Results

Considering the proposed adaptive PSMC in (42) and parameter nominal values in
Table 1, the buck/boost DC-DC converter as a non-minimum phase SMPS is simulated
using MATLAB software in different operating points in both continuous and discontin-
uous operations. Additionally, some experimental tests are carried out by the practical
implementation of the controller using TMS320F2910 DSP from Texas Instruments. The
inducer current and output voltage of the converter are measured using an isolated Hall
effect sensor and IL300-integrated circuit, respectively. Converter switching and sampling
frequencies are around 10 kHz and 150 kHz, respectively. The implemented experimental
setup is shown in Figure 4.

To evaluate the response of the controller in different operating points, stepped changes
in both input voltages and load resistance can be applied by switching the power MOSFETs
Q1 and Qy in Figure 4b.
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Figure 4. The implemented power circuit. (a) The implemented converter. (b) Buck/boost
DC-DC converter.

4.1. Response of the Proposed Controller Based on Different Controller Gains at Start-Up

As it is shown in Section 2.3, the designed controller is stable for k = 200 and
0 < kj < 8100. Assuming k = 200, the response of the proposed controller is illustrated for
different values of k; in Figure 3c at the system start-up moment for nominal parameters. It
is assumed that the output reference voltage is Vs = 5 V. According to Figure 3¢, it is clear
that the controller has a stable response for k = k; = 200. Hence, all results are obtained
based on these gains in the next tests.

4.2. Comparison of the Proposed Controller Response with Standard Two-Loop SMC

To verify the performance of the proposed adaptive PSMC, it is compared with the
standard two-loop SMC in [18]. Considering Vs = 5V and converter nominal parameters,
the responses of both controllers are presented in Figure 5 at start-up. It is observed that
both controllers have stable dynamic responses with zero steady state error.

Additionally, dynamic responses of both SMCs are shown in Figure 5b during step
changes of the load resistance in continuous operation where load resistance is changed
from nominal value (8.5 Q2) to 8.5||8.5 Q at t = 0.1 s. It is seen that the proposed adaptive
PSMC has a faster dynamic response compared to the standard double-loop SMC.
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Figure 5. Response of the presented adaptive PSMC in comparison with the standard double-loop
SMC2. (a) Comparison of the proposed PSMC and double—loop SMC [18] at system start-up.
(b) Comparison of the proposed adaptive PSMC and double—loop SMC during the converter load
changes in continuous operation.

4.3. Experimental Results

Simulation results of the proposed adaptive PSMC are illustrated in continuous opera-
tion in Figures 3c and 5. To evaluate the controller in a broader range of operations, the
experimental responses are presented considering load and input voltage uncertainties in
both discontinuous and continuous modes.

4.3.1. Experimental Response of the Proposed Controller during Load Changes

In Figure 6, the output voltage and inducer current waveforms are illustrated during
the step changes of load resistance in a very wide operating range from 200 () to 8.5 Q).
Considering the nominal parameters listed in Table 1, it is observed that the converter
enters the discontinuous mode, while the load resistance is 200 Q2. So in this experiment, the
controller stability at the mode transition moment between continuous and discontinuous
operations is investigated.
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It is assumed that the reference value of output voltage is +-5 V. Despite very large
changes in the value of load resistance, it is seen that the proposed controller enjoys a stable
and robust performance. Moreover, the steady state error is zero in different operating
points.

Finally, the response of standard double-loop SMC [11] is presented in Figure 6a,c
in a similar condition. It is observed that the presented adaptive PSMC has a superior
performance in terms of fast dynamic response and less overshoot during the load changes.

Figure 6. The experimental responses of proposed adaptive SMC and double-loop SMC during
the step changes of the converter load (vertical scale is 1 V per square and time scale is 20 ms per
square). (a) The inductor current of double-loop SMC. (b) The inductor current of the proposed
adaptive PSMC. (c) The output voltage of double-loop SMC. (d) The output voltage of the proposed
adaptive PSMC.
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4.3.2. Experimental Response of the Proposed SMC during Input Voltage Changes

Assuming a 200 () resistor as a converter load that leads to a converter operation in
discontinuous mode, the response of the proposed PSMC is presented in Figure 7a during
the step changes of input voltage from 12 V to 17 V. It is observed that despite large changes
in the input voltage, the converter operates stably and tracks the reference output voltage
+5 V with zero steady state error.

|||—!

Figure 7. Experimental response of the proposed controller during load and line changes. (a) Re-
sponse of the proposed controller during step changes of the input voltage from 12 V to 17 V (vertical
scale is 2 V per square and time scale is 10 ms per square). (b) The output voltage of the converter
during load changes in boost operating mode (vertical scale is 5 V per square and time scale is 10 ms
per square).

4.3.3. Experimental Response of Proposed Controller during Load Resistance Changes in
Voltage-Boost Operation

In this experiment, to evaluate the response of the system in voltage boost operating,
it is assumed that V,,r = 18 V and the value of the load resistance is stepped from 200 €2 to
100 Q). In this test, the converter output voltage is shown in Figure 7b. It is observed that
the proposed controller is stable against load resistance in voltage boost operation as well.

4.3.4. Experimental Response of the Proposed Controller during the Reference
Voltage Changes

Considering the nominal parameters of the converter, responses of the proposed
controller and standard double-loop SMC [18] are shown in Figure 8 for stepped changes
of the output reference voltage. In this test, the reference voltage is stepped up from +5V
to 415 V. It is seen that the response of the proposed controller is stable in a wide range of
output voltage changes and it has a superior dynamic response compared with standard
double-loop SMC [18] in terms of response overshoot and settling time.

All tests are performed using p = k = k; = 200 as gains of the controller.
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Figure 8. Comparison of the proposed and double-loop controllers during voltage reference changes.
(a) Output voltage of the proposed adaptive PSMC (vertical scale is 2 V per square and time scale
is 20 ms per square). (b) Output voltage of the double-loop standard SMC (vertical scale is 2 V per
square and time scale is 20 ms per square).

5. Conclusions

To cope with the drawbacks of the two-loop SMC, a novel adaptive partial SMC
(PSMC) is presented for closed-loop control of the switch-mode power supplies. Con-
sidering the simulation and experimental results, it is shown that the developed PSMC
can stabilize the output voltage robustly in wide changes of load resistance and input
voltage changes in both discontinuous and continuous modes. Furthermore, to avoid the
trial-and-error method during the controller tuning, a systematic approach is developed
for the controller gains selection, which guarantees the stable operation of the closed-loop
system. It should be noted that the appropriate ranges of controller gains are obtained
considering the root locus analysis. To extract the controller, first, a fixed-frequency PSMC
is designed for SMPS based on the nominal values of the converter parameters using the
equivalent control approach. To simplify the controller in comparison with the conventional
SMCs, the partial SMC (PSMC) approach is introduced in this article, which just requires
a part of a sliding surface for the controller formulation. The accuracy of the developed
PSMC is proved mathematically within the entire range of operation. To improve the
robustness of the controller against uncertainties of the model, an adaptive term is added to
the designed PSMC. Asymptotical stability of the designed SMC was demonstrated in both
discontinuous and continuous modes using Lyapunov stability criteria. Compared to the
standard two-loop controller, it is shown that the presented adaptive PSMC has a superior
dynamic response in terms of response overshoot and settling time. The performance and
accuracy of the proposed method were verified using MATLAB/Simulink simulations as
well as the practical results.
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