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Featured Application: Provide a robust-control design technique for pulse-width-modulated power
converters in continuous conduction mode using low-cost analog circuits.

Abstract: In this paper, a simplified double-integral sliding-mode control method for pulse-width-
modulated dc-ac buck conversion is introduced. The control equation is derived based on the
equivalent control method, in which the control-oriented model is developed using the averaged
dynamics of the power converter in continuous conduction mode. In contrast with the conventional
sliding-mode control schemes, the complexity of adding a capacitor current sensor, variable ramp
voltage, and other relevant components is avoided. Furthermore, the control equation is translated
into a simple electronic circuit with minimal added components, which reduces the practical imple-
mentation cost. The proposed control method rejects large disturbances, tracks the reference signal,
and maintains a constant switching frequency. Systematic design procedure, control parameters
selection, and stability conditions are presented. The design methodology is verified via simulating
the proposed control circuit using Simscape Electrical in MATLAB. The control method is also com-
pared with the conventional double-integral sliding-mode control scheme under load disturbances.
The results show that the simplified control approach provides a fast transient response and robust
tracking performance.

Keywords: analog control circuit; constant switching frequency; dc-ac buck converter; double-integral
sliding-mode control; pulse-width modulation

1. Introduction

PWM power converters have been utilized in several industrial applications, such as
communication systems, modern power grids, and renewable energy systems [1]. Sliding-
mode control (SMC) has been studied and applied to power converters due to its fast
transient response, ease of implementation, and robustness against system parameter
variation. It is also considered one of the common nonlinear control techniques that is
suited for variable structure systems, including power supplies [2]. However, a common
issue that is associated with this control method is the steady-state error at the output
voltage. This is attributed to the implementation of the SMC via a pulse-width modulator,
which is utilized to obtain a constant switching frequency, minimize EMI issues, and
reduce the complexity of filter design [3,4]. In other words, the derivation of the equivalent
control law in the PWM-based SMC method eliminates the high and variable switching
frequency issues, but it degrades the tracking performance, which results in an undesirable
dc error [3].

Considerable research work has been conducted to eliminate the steady-state error
using double-integral sliding-mode control (DI-SMC), which is also known as proportional—-
integral sliding-mode control (PI-SMC) [5-30]. The DI-SMC system has been applied to the
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quadratic boost converter [5], bridgeless converter [6], dual-active-bridge converter [7], four-
quadrant quasi-Z-source converter [8], and MPPT of photovoltaic systems [9]. A nonlinear
controller that combines backstepping and DI-SMC techniques for dc-dc boost converters
has been proposed in [10]. Previous research endeavors have presented robust control
design techniques, but they fall short of developing systematic design procedures that are
suitable for low-cost commercial and industrial applications. In [11], a double-integral
sliding surface for indirect analog SMC for dc-dc converters was introduced. However,
the control scheme requires two PI compensators and an output capacitor current, which
increase the control complexity and analog implementation cost. In addition, the capacitor
current sensor degrades the power converter efficiency via increasing the effective series
resistance (ESR) value in the capacitor branch [4].

The PI-SMC method has been proposed for boost converter [12], SEPIC converter [13],
three-level converter [14], third-order super-lift Luo converter [15], fourth-order Cuk con-
verter [16], and multiport power supply system [17]. The modified PI-SMC of hybrid
boost converter [18], hybrid DI-SMC of buck converter [19], hierarchal PI-SMC of buck
converter [20], and PI Hyperplane SMC of buck-boost converter [21] have been reported.
Cascaded PI-SMC schemes have also been introduced for classical dc-dc boost [22] and
buck-boost [23] converters. However, the detailed design procedure and analog realization
of the control law were not reported. Considering digital and intelligent control methods, a
digital PI-SMC using an interpolation-predictive strategy was given in [24]. Furthermore,
the SMC has been incorporated with advanced techniques such as nonlinear deep rein-
forcement learning [25], extended state observer [26], particle swarm optimization [27],
genetic algorithm [28], and fuzzy neural network [29]. The intelligent controls provide
reliable methods to tune the controller gains according to the operating conditions, but the
complexity of the practical implementation increases dramatically. The nonlinear control
schemes in the previous endeavors also fall short of introducing robust DI-SMC methods
that can be translated into analog circuits.

Analog DI-SMC circuits have been introduced in [3,10] for dc-dc converters, but the
presence of double-PI compensators and an output capacitor current branch in the control
scheme were unavoidable issues. In [30], a DI-SMC method with a constant switching
frequency was presented using an analog circuit that does not require an output capacitor
current branch. However, the control circuit contains double-PI compensators, which
slow down the closed-loop system response, complicate the control circuit structure, and
increase the cost of practical implementation. Motivated by the previous research, this
paper aims to introduce a robust DI-SMC method with constant switching frequency for a
PWM dc-ac buck converter using a simple analog circuit.

The main contributions in this research are summarized as follows: (1) A simplified
DI-SMC method is proposed for a dc-ac power converter with constant switching frequency.
(2) The proposed control scheme contains a single-PI compensator and does not require an
output capacitor branch as conventional DI-SMC schemes do. (3) The control law derivation
and the controller gains selection, along with the existence and stability conditions, are
provided. (4) A detailed design procedure is introduced to realize the analog control circuit
with minimal added components. (5) To validate the proposed design methodology and
evaluate the tracking performance under large disturbances, the simplified DI-SMC circuit
is simulated in Simscape Electrical in MATLAB and compared with a conventional DI-SMC
scheme. The rest of the paper is organized as follows. The simplified DI-SMC design
approach is given in Section 2. The realization of the analog control circuit is introduced
in Section 3. The simulation results are presented in Section 4, and the conclusions are
summarized in Section 5.

2. Simplified DI-SMC Design of DC-AC Buck Converter

The proposed control design approach includes the development of a control-oriented
model, the derivation of an equivalent control law, and a controller gains selection method.
A simplified DI-SMC method was reported in [31] and was applied to the classical dc-dc
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buck and boost converters in continuous conduction mode (CCM). In this research, the
simplified nonlinear control method is extended to the PWM dc-ac buck converter that
works as a dynamic power supply for radio-frequency power amplifiers (RFPAs) [32]. This
type of power converter steps the dc input voltage down to a sinusoidal output voltage
by varying the duty cycle from 0.1 to 0.9 and tracking a sinusoidal reference signal. The
block diagram of the simplified DI-SMC scheme of the dc-ac power converter is shown in
Figure 1.
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Figure 1. The block diagram of the simplified DI-SMC scheme of PWM dc-ac buck converter.

2.1. Control-Oriented Model

The control-oriented model should be first developed to reflect the error dynamics of
the power converter, which will be used to derive the simplified control equation based on
the equivalent control method. The time-variant control-state variables x1, x, x3, and x4
have been chosen as an output voltage error, a time derivative of output voltage error, an
integral of output voltage error, and a double integral of output voltage error, respectively.

x1 =V — poo
Xp = X1

x3 = [ xdt

xg = [([ x1dt)dt

where V,, B, and vp represent the reference voltage, output voltage sensor gain, and
instantaneous output voltage, respectively. The fourth state, x4, in (1) contains a double
integral term, which is added to improve the tracking performance and eliminate the
steady-state error at the output voltage.

On the other hand, the ideal model of the buck converter in CCM is given by

M

@——lv —l—lvu
at— L° L' 2
doo _ 1, 1

it~ ct

where 7, vj, and i represent the instantaneous load resistance, input voltage, and inductor
current, respectively. The capacitor and inductor of the power converter are C and L,
respectively. The switching control input, u, takes a value of 1 or 0. As reported in [31], if
the ideal model of the buck converter in (2) is reflected by the control-state variables in (1),
then one obtains
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(©)
x3 = [(Vy — Boo)dt

x4 = [[J(Vr = Poo)dt]dt

where ic represents the instantaneous capacitor current of the power converter. Thus, the
time derivatives of the control-state variables in (3) yield the following dynamics:

X1 = —gic
_ B . _Bor . PBvo
2= ele T et e €

Hence, the averaged control-oriented model of the power converter is obtained via
averaging (4), according to [4], and gives

% = _gic
= _ B~ _Bor . PBoo
2= smic T et T e )

X3 =V, — oo
Xy = [(V; — Bro)dt.

The terms i, 7, 5, e, and T represent the averaged quantities of the capacitor current,
load resistance, input voltage, control input, and output voltage, respectively. The averaged
control-oriented model in (5) is the key to simplifying the equivalent control equation and
the corresponding analog control circuit.

2.2. Equivalent Control Law

According to [3], if the hysteresis-modulation-based SMC method is utilized with
the power converters, a variable switching frequency is generated, which complicates
the design of the filters and worsens the EMI issues [3]. Hence, the equivalent con-
trol method should be applied to the PWM-based SMC design to maintain a constant
switching frequency.

To derive the equivalent control law, the hitting condition must be satisfied [3]. This
condition can be achieved by choosing a suitable switching control law, which can be

defined as
1 foryp >0
U= 6)
0 foryp<O
where 1 is the sliding surface, which is given by
P = w1x] + KXo + A3X3 + KgXy. 7)

The parameters ay, ay, 3, and a4 in (7) are positive constants that represent the
sliding coefficients.

The direct implementation of the switching control law, u, in (6) with a pulse-width
modulator is not possible [3]. Instead, an equivalent control law, u,, should be derived and
mapped onto a duty cycle, d. Now, if (7) is derived with respect to time, then one obtains
the following sliding surface dynamics:

P = ayx1 + apxp + a3xg + agxy = 0. (8)
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It should be noticed that (8) is equated to zero based on the invariance conditions
presented in [4], which means that the dynamics of the control-state variables become zero
at the sliding surface, 1, if a proper control input is applied to the power converter. Next,
the averaged model in (5) is substituted into (8), yielding

a0 (-gk) +062< ngc - % ue + 'BLC > +a3(Vr — Boo) + a4 </(Vr - ﬁvo)dt> =0. )

It is known that the averaged capacitor current, ic, at a steady state is zero [4]. Hence,
if the terms ic in (9) are neglected, then one obtains

19 0, _ _
oo~ B+ B0 ) aa(v, — poo) + ([ (V- proat) 0. @10
Now, solving for the equivalent control law, u,, we obtain
Vi = B J(V; — Boo)dt] | 7o
=K, L0 p g, | PO S0 11
e p( B >+ l{ Bo1 7 =

The controller parameters K, and K; represent the proportional and integral gains,
respectively, which are given by

K, K" =[LCR LC%]T (12)

In [3,4], the equivalent control law, u,, is related to the duty cycle, d, and the peak
ramp voltage, V1, by the following relationship: 0 < d = ‘% < 1. This maps (11) onto the
following control equation:

{ e = 7[Kp(Vy = Bo0) + Ki [ (V, — Boo)dt + 7o) )

Vr = vBo;

Note that the control voltage, i, divided by the peak ramp voltage, Vr, gives the duty
cycle, d, which varies between 0 and 1.

In (13), parameter v is a scaling factor (0 < y < 1), which can be utilized to scale the
parameters of the control equation down within the practical range of the analog control
circuit. For instance, if V1 = v is 10 V and the maximum ramp voltage of the pulse-width
modulator, IC, is 5V, then V7 is multiplied by a scaling factor of 0.5. The same factor should
also be used to scale down control equation #, to maintain a consistent relationship among
fle, V,and d.

2.3. Existence and Stability Conditions

The existence and stability conditions must be derived to ensure a proper selection for
the controller gains that satisfy the SMC operation [3]. The local reachability condition is
applied to derive the existence condition lkirrb P < 0, which can be expressed as

—

prl(max) + Kix3(max) < ﬁ(vl(min) - UO)

_prl(min) - Kix3(min) < poo.

(14)

The minimum and maximum quantities of v}, x1, and x3 are included in (14) to take the
full-load operating conditions into account. This condition ensures that all the trajectories
remain within the vicinity of the sliding surface [31].

In order to analyze the stability of the closed-loop dynamics of the power converter
around the desired equilibrium point, the linearization of the nonlinear dc-ac buck converter
model is required. The averaged closed-loop power converter dynamics are
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where 1, is the equivalent control law given in (11). The linearized model of the power
converter is obtained by perturbing (15) around the equilibrium point I, = Vo /R, which

results in ,
X1 0 jiz ji3] [
Xo| = |j21 j2 0] [X2f. (16)
5 0 1 0%

The states of the linearized model X7, X», and X3 are defined as ?L, 7o, and f vodt,
respectively. The Jacobian Matrix | in (16) is defined by

J= |1 _ L (17)
¢ RC 0
0 1 0

It should be noted that the linearized model in (16) is obtained considering that v; = VJ,
r=R,V, —BVo =0, I >ip,and Vp > 0p. The characteristic equation of the linearized
model is given by

A —j12 —j13
—jo1 A—jm 0 |=A4+PAZ+PA+P;=0 (18)
0 -1 A
where the parameters P;, P», and P are defined as
T . . .. 4T
[Pr P, P =[—joo —jijn —hsjn] (19)

The linearized closed-loop power converter model is stable if all the Eigen values of
the Jacobian Matrix have a negative real part. Using the Routh-Hurwitz stability criterion,
one obtains the following stability conditions P; > 0, P3 > 0, and P, > Ig—i’

The existence and stability conditions ensure that the controller gains K, and K; in the
equivalent control equation, maintain the control-state variables within the vicinity of the
sliding surface, and drive them toward the desired equilibrium point.

3. Design of Analog Control Circuit

The design procedure of the simplified analog control circuit is introduced in this
subsection. The proposed control circuit is depicted in Figure 2, and the parameters of the
dynamic buck converter are given in Table 1 [32]. An input filter capacitor C; of 470 uF
and 0.2 (3 ESR is added to the power converter input to accommodate the discontinuous
input current. The feedback network gain, B, is assumed to be 5/14. Based on the existence
and stability conditions, the proportional and integral gains K, and K; are set to 27.6 and
13.8 x 10%, respectively. In addition, a scaling factor, v, of 0.4 is selected to scale down the
control parameters values and fit the practical range. General-purpose op-amps such as
LF356 [4] and LM318 [3] can be used to construct the analog control circuit.

Table 1. The parameters of the dynamic buck converter.

Description Parameter Value
Inductor L 56 uH
Output capacitor Co 22 uF
Nominal load resistance R 75.00 Q)
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Table 1. Cont.

Description Parameter Value
Inductor ESR T 0.190 O
Output capacitor ESR rc 0.800 2
MOSFET on-resistance DS 4.000 O)
Diode forward resistance rF 1.300 O
Diode threshold voltage Vr 0.875V
Input voltage 1% 28V
Output voltage 0 3-23)V
Switching frequency fs 1 MHz
S L
Ll - .
l T Ves . R
it G * AD C, r Zvo
T ] RB
Gate Driver
C R
Rn
AN /—I-/ R
mep é b Vref

Figure 2. The schematic of the simplified DI-SMC circuit of PWM dc-ac buck converter in CCM.

The design steps of the simplified control circuit components can be summarized

as follows:

Output voltage sensor: The feedback network gain, §, is setto 5/14, and § = Rg/(R4 + Rp),
where R4 and Rp are the resistors of the output voltage sensor. If the value of Ry is
assumed to be 9.1 k), then Rp is 5.1 k().

Summing amplifier: The resistors Rg1, Rs2, and Rg3 for the summing op-amp can be
set to 5.1 kQ.

PWM generator: Since the input voltage, V7, is 28 V, the ramp voltage of the pulse-
width modulator V1 = BV = 10V, and the switching frequency f; is set to 1 MHz.
Scaling factor: If a scaling factor, v, is required to scale down V1 to 4 V, then y can be
set to 0.4 = Rj1/Rj». Hence, if Rj is chosen as 5.1 kQ), then Ry is 2 kQ).

Proportional gain Kj,: According to [33], the proportional gain is defined as Ky = Ry /R;.
Thus, if the value of K}, is 27.6 and R is selected as 33 k(}, then R, becomes 910 kQ).
Integral gain K;: In [33], the integral gain is defined as K; = 1/(R; C). If the value of K;
is set to 13.8 x 10% and R; is 33 k), then C can be chosen as 220 pE

It should be noted that the sum of the feedback resistors R4 and Rp must be greater

than the maximum load resistor to reduce the loading effect of the feedback network [33].
High-precision feedback resistors should be selected to obtain an accurate output voltage
measurement. It is also worth noting that the values of the gains K, and K; given in this
research are not unique. Different values can be chosen within the practical range if they
satisfy the existence and stability conditions [31]. The proposed control equation in (13),
along with the selected control parameters, can be written as

{ i, = 0.4[27.6(V, — Bop) + 13.8 x 10* [(V, — Bop)dt + foo] o)

Ve =4V,

and the corresponding analog control circuit is given in Figure 2.
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4. Results and Discussion
4.1. Steady-State Performance

The simplified double-integral sliding-mode-controlled PWM dc-ac buck converter
circuit was built and simulated in MATLAB using Simscape Electrical. Figure 3 shows the
Simscape Electrical model of the closed-loop dynamic buck converter using MATLAB, in
which all the electrical elements are defined. As shown in Figure 3, the simplified control
circuit is made up of three op-amps with seven resistors and a capacitor. The sinusoidal
reference signal is generated using the MATLAB function that varies the reference wave-
form between 3 V and 23 V at 100 Hz. The pulse-width modulator is constructed using the
MATLAB function that compares the control signal with a ramp waveform.

56 pH
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-ié‘
L o
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Vet
Figure 3. The Simscape Electrical model of the closed-loop PWM dc-ac buck converter.

MATLAB simulation result in Figure 4 shows the steady-state waveforms of the input
voltage, vj, output voltage, vp, reference voltage, vg, and inductor current, i;. The ramp
voltage, V1, switching frequency, f;, input voltage, V;, and load resistance, R, of the electrical
model of the closed-loop power converter are set to 4 V, 1 MHz, 28 V, and 75 (), respectively.
It can be noticed that the closed-loop power converter converts 28 VDC input voltage to
(3-23) VAC sinusoidal output voltage at 100 Hz. In addition, the operation of the power
converter is maintained in continuous conduction mode, as shown in the inductor current
waveform. The simulation result also shows the accurate tracking performance of the
proposed control circuit.

4.2. Tracking Performance under Large-Load Disturbance

The output voltage response of the closed-loop power converter during abrupt changes
in load resistance is depicted in Figure 5. As shown in Figure 5a, the load profile changes
abruptly from 75 Q) to 350 (), 20 (), and then returns to 75 Q). It can be seen that the output
voltage, v, tracks the reference signal, vg, accurately and rejects the load disturbances.
Figure 5b shows an enlarged view of the closed-loop power converter response when the
load changes from 350 () to 20 () at t = 4 ms. The output voltage, vp, exhibits a percentage
undershoot of 5.8% and then returns to the reference trajectory within 15 ps. Notably, the
proposed control circuit exhibits robust tracking performance and fast transient response
with a low percentage undershoot.
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Figure 4. The steady-state waveforms of the input voltage, vj, output voltage, vp, reference voltage,
vR, and inductor current, i; in CCM.
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Figure 5. (a) The tracking performance of the proposed control circuit under load disturbance.
(b) Enlarged view of the transient response when the load changes from 350 () to 20 () at t =4 ms.

It should be noted that the simplified DI-SMC method provides a wide operating
range in the presence of large load variations. This is the advantage of utilizing the
nonlinear control method, whereas the linear control techniques are only valid around
a local operating point, which does not guarantee the stability of the power converter
during large changes in load resistance. Hence, the simplified double-integral sliding-mode
control method provides a robust alternative for linear controllers, such as classical PID
and integral-lead controllers.
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4.3. Comparison with Conventional DI-SMC Scheme

The tracking performance of the simplified DI-SMC circuit of the PWM dc-ac buck
converter was compared with the conventional counterpart scheme presented in [3]. The
proposed u1 and conventional 1, DI-SMC equations are given in (21) and (22), respectively.

{ Uy = W[KP(V, — ,350) + K; I(Vr — ‘Bﬁo)dt + ,350]
! (21)
Vr = vBo;
{ up = v [Kp(Vy — o) + K; [ (Vi — Bvo)dt — Keic + o) 2
Vr = vBo;

To gain a fair comparison between the two controllers, the parameters K, K;, v, and
B in (21) and (22) are set to 27.5, 13.8 x 10%, 0.4, and 0.3571, respectively. The gain, K.,
in the conventional DI-SMC equation is set to 1. The two control schemes are designed
for the same dynamic buck converter parameters, as given in Table 1. It should be noted
that (22) contains capacitor current ic and constant gain K¢ as part of the equivalent
control equation. This control term requires a capacitor current sensor and other relevant
components to be integrated into the control circuit. In contrast, the simplified control
equation in (21) does not include this term, which reduces the control scheme’s complexity
and implementation cost.

To investigate the tracking performance of the two control methods, the response
under load disturbances is depicted in Figure 6a. The enlarged view of the response in
Figure 6b shows that the conventional control scheme exhibits a percentage undershoot of
5.1% when the load resistance changes from 350 () to 20 () at t = 4 ms. However, the output
voltage, vp, converges to the reference voltage within 100 ps, and a steady-state error of
1.5% is generated under such load disturbance. It can be noticed that the transient response
and the tracking capability of the conventional DI-SMC scheme are degraded.

L — L]
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of
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t(s) t(s.) %1073
(a) (b)

Figure 6. (a) The tracking performance of the proposed and conventional control schemes under load
disturbance. (b) Enlarged view of the transient response when the load changes from 350 Q) to 20 )
att=4ms.

The switching frequency of the proposed and conventional control schemes has
been compared in Figure 7. The ramp voltage, proposed control voltage, gate-to-source
voltage, and output voltage of the proposed control scheme are shown in Figure 7a,b,
whereas the corresponding waveforms of the conventional control scheme are depicted in
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Figure 7c,d. The input voltage and load resistance of the power converter are set to 28 V

and 75 (), respectively.
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Figure 7. The ramp voltage, control voltage, gate-to-source voltage, and output voltage of the
(a,b) proposed and (c,d) conventional control schemes.

Figure 7a,b show that the output voltage of the closed-loop dynamic power supply
is 3 V and 23 V when the duty cycle d of the gate-to-source voltage, vgs, is 10% and 90%,
respectively. It can also be observed that the switching frequency of the proposed control
method is maintained constant at 1 MHz. In contrast, the conventional control method
produces a pulse width modulated signal with variable and high switching frequency, as
shown in Figure 7c,d. Although the output voltage of the conventional control scheme
tracks the reference voltage with a small steady-state error, operating the power converter
at variable and high switching frequencies is not acceptable since it creates issues with filter
design and EMI requirements [3].

Table 2 summarizes the comparison between the two control methods. In the con-
ventional control equation, the large K¢ value amplifies the noise accompanied by the
output capacitor current, which is related to the time derivative of the output voltage by

C"lditC = ic, where v¢ = vp. The amplified noise affects the controller action, degrades the
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tracking performance, and produces a variable switching frequency. However, the small K¢
value attenuates that noise and reduces the corresponding issues. Tuning the conventional
controller gains K, K;, and Kc may eliminate the steady-state error and maintain a constant
switching frequency. However, the disadvantages of involving the capacitor current, which
include the design complexity and current sensor cost, are dominant. In contrast, the
simplified DI-SMC method avoids this issue via eliminating the capacitor current term
from the control equation during the control design process. Thus, the proposed control
method yields a simple control structure that provides enhanced transient response, precise
tracking performance, and constant switching frequency.

Table 2. Comparison between conventional and simplified DI-SMC of the dc-ac buck converter.

DI-SMC Required Switching Percentage Settling Steady-State
Method Sensors Frequency Undershoot Time Error
Conventional vo and i¢ Variable 5.1% 100 us 1.5%
Simplified (26 Constant 5.8% 15 us 0%

5. Conclusions

A simplified double-integral sliding-mode control method for a PWM dc-ac buck con-
verter was introduced for a continuous conduction mode. A systematic design procedure
was given to present the proposed nonlinear control equation in a low-cost analog circuit
using minimal number of op-amps and electronic components. Based on the averaging
technique, the control design approach eliminates the presence of the capacitor current
that appears in the conventional DI-SMC scheme. Thus, the complexity and cost of the
analog control circuit are reduced, and the tracking performance during large disturbances
is improved. The proposed control circuit was simulated using Simscape Electrical in MAT-
LAB to validate the control design methodology. It has been confirmed that the simplified
control scheme maintains a constant switching frequency, tracks the desired trajectory, and
enhances the transient response of the power converter. The proposed closed-loop PWM
dc-ac buck converter can also be used as a fault-tolerant dynamic power supply, which is
attractive for various industrial applications.
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