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Abstract: The key issue in the practical implementation of the sliding mode (SM) control-based
power inverter is the variable switching frequency. This variable switching frequency not only
induces electromagnetic interference (EMI) noise, but also reduces the efficiency of the inverter,
as the size of the inductor and capacitor does not alter in tandem with this variable frequency. In
this context, fixed switching frequency-based SM control techniques are proposed; however, some
of them are too complex, while others compromise the inherent properties of SM control. In this
research, a fixed frequency SM controller is proposed, which is based on the novel low-pass filter
extraction of the discontinuous control signal. This allows the technique to be implemented with
fewer hardware components, thus reducing the complications of implementation, while maintaining
the robustness and parametric invariance of SM control. A simulation-based comparison with an

existing pulse width modulated (PWM) SM controller is presented as the benchmark. In comparison

check for

updates with the sigmoid function SM controller, an improvement of 50% in the settling time along with

zero steady-state errors and a further 37% and 42% improvement in the undershoot and overshoot,
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respectively, is reported in the simulation. A hardware setup is established to validate the proposed
technique, which substantiates the simulation results and its disturbance rejection properties.
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1. Introduction
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is most abundant in nature, among other renewable energy resources, photovoltaic genera-
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linear loads affect the sinusoidal output voltage of inverters, as they increase the total
iations. harmonic distortion (THD), resulting in the difficulty of meeting IEEE standard 1547 [1-4].

In order to regulate the output voltage in the presence of uncertain load conditions, a robust
controller with good transient and dynamic response is required [5].

B Conventionally, PWM-based controllers are small-signal model dependent; therefore,
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In order to achieve wide range operations, researchers have proposed different types of
non-linear control techniques [8-11]. Out of these, sliding mode (SM) control is well known
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for being robust and parameter-invariant [12-15]. SMC for power inverters achieves the
desired output voltage regulation in a wide range of operating conditions [16-18]. Power
inverters are inherently compatible with the SMC technique, due to their discrete switching
nature and being a variable structure system [19,20]. SMC has some unique features, such
as robustness, order reduction, stability and precise regulation [21,22]. Moreover, the
average model of the power converter is not essential for SMC [23,24].

Ideally, SMC operates at an infinite switching frequency. However, an infinite switch-
ing frequency is not achievable in practical systems. Hence, the switching frequency must
be kept in a practical range. In [25,26], an adaptive feedforward-based hysteresis controller
is presented to select the specific range of switching frequency. In the case of variations,
the hysteresis region of the SMC changes with respect to any disturbances in the load [27].
These schemes achieve a finite but variable frequency, downgrading the power quality and
resulting in increased electromagnetic interference (EMI).

In recent studies, many control techniques have been proposed to address the afore-
mentioned problem of the frequency drifts in SMC. In [28], adaptive hysteresis controller is
utilized to achieve a fixed frequency SM controller by varying the hysteresis band. In this
method, additional sensors are required to gather the information of system states, which
increases its complexity and cost.

The zero average dynamics (ZAD) technique is also reported in the context of fixed
switching frequency. This technique changes the duty cycle of the power switch in a
controlled manner to ensure the zero T-periodic average of the discontinuous function.
This method achieves a fixed frequency operation and is practically demonstrated by the
authors [29]. Major drawbacks of this technique are the complex computations and the
requirement of high-speed and expensive processors.

In [30], a fixed frequency SMC is proposed, where the discontinuous sign function is
replaced by the smoothed control law within the specific boundary limits. This achieves
the fixed switching frequency by PWM implementation of this control law. However,
the disturbance rejection properties of this controller are lost within this boundary layer.
PWM SMC is also reported in [31,32], where the equivalent control law is produced
from the measured states of the system rather than from the discontinuous function,
which compromises the inherent properties of SMC. Moreover, this method also requires
more components as compared to a hysteresis modulator. For better understanding, a
comparison of variable and fix-frequency SMC is represented in Table 1.

By and large, all of the prevalent fixed switching frequency-based SMC are either too
complex or result in a loss of parametric variance, thereby compromising the robustness
and disturbance rejection properties of the feedback system. Hence, a fixed frequency SMC
is needed for the power inverter application, which offers ease of implementation by virtue
of using off-the-shelf and low-cost components, while retaining the inherent advantages
of SMC.

In this research, a SMC based upon the filter extraction of equivalent control from
the discontinuous sign function is proposed to achieve the fixed switching frequency
along with reducing the implementation cost and complexity. It is worth mentioning
that the discontinuous control law generated from the sign function cannot be applied
directly to multi-level and unipolar converters. In this regard, the proposed technique
also provides a mechanism for generating a multi-switch converter sequence along with
reducing the switching losses. Furthermore, in the current era of industrialization, robust
fixed-frequency controllers for power electronic converters are a fundamental requirement
because they find applications in advanced automotive power systems, regulated power
supplies, heating furnaces, and modern electronic equipment, which necessitates the use
of grid-connected energy storage systems as well.

The organization of this paper is as follows: The proposed technique along with the
PWM-based hysteresis sliding mode control technique are presented in Section 2. Results
and comparison of the controllers are discussed in Section 3. The conclusion and future
work are presented in Section 4.
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Table 1. Advantages and disadvantages of variable- and fixed-frequency SMC.

Controller Advantage Disadvantage

¢ It cannot be utilized in power electronic converters and inverters

o Thi . .
It is completely parameter invariant. because the frequency is not fixed.

Variable-frequency SMC
* Relatively simpler hardware implementation e It cannot be used in applications where frequency components,
such as capacitors and inductors, are used.

* Operates at a limited frequency, which is practical.

* Some methods of regulating the frequency put the robustness of

¢ Operating at a set frequency, the system at risk

Fixed-frequency SMC
* They can be used with power electronic converters

and inverters.

« They are especially useful in applications where the ¢ Additional hardware is incorporated into the overall design.

frequency dependent components such as capacitors
and inductors are employed.

2. Methods
2.1. Proposed Technique

The bipolar PWM technique produces more harmonic content and switching losses in
an inverter as compared to the unipolar PWM switching method [33,34]. Therefore, the
unipolar PWM technique is selected for the inverter, due to its better performance in terms
of THD and efficiency [35]. Applying the circuit analysis technique to the unipolar inverter
shown in Figure 1, we obtain the following equation:
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Figure 1. Block diagram representation of proposed SM controller.
dir
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where u is the control input, u € {1,0, —1}, and representing V,,: as the output voltage, we
obtain the following:

Vout = uViy, — L

ic =1L — o @)
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The capacitor current can be written as follows:

dVout
dt

ic=C 3)

Rearranging Equation (2) and using ic from Equation (3), we obtain the following:

AVout

ir=C it

+ o 4)

where i, is the load current and mathematically given as follows:

. Vout
1o = R

©)

Here, ic and i}, represent the capacitor and inductor current, respectively. By sub-
stituting Equation (4) into (1) and after some mathematical manipulation, we obtain the
following:

=71Ic Ic RC ©)

Consider the error between the output voltage and reference voltage and its derivative
as state variables x; and xp, represented mathematically as follows:

x1 = Vout — Vref )

Xp =X = Vout - Vref (8)

Differentiating Equation (8) and substituting the value of V,,; from Equation (6), we
obtain variable x»:

_7_7_Vref (9)

2770C T IC T RC
To represent Equation (9) in terms of state variables x; and x», we modify it by adding
. Vref Vref
and subtracting = and :
.1 1 uV; 1 1 . .
X2 = _Exl - R7Cx2 + LC - ﬁvref - ﬁvref - Vref (10)
We select the sliding surface ¢ as follows:
g(x) =ax; +x,=0 &a>0 (11)

where « is the controller gain. By differentiating Equation (11), we obtain the following:
C=axy+x =0 (12)
By using Equations (10) and (12), we obtain the following:

JEE S S +ax +uvi”—iV Lty
ST TIcM T R e T e f T RC

Vyer = 0 (13)

Solving Equation (13) for the equivalent control, we obtain the following:

LC 1 0 2 1 1 ¥
Upg = ﬁ (chl - R—Cxl +atx) + Evrgf + RfCVref - Vref) (14)
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if w(t) = =V, £+ %Vref — Vyef, it can also be written as follows:

g = 1 (e~ e+ 2+l )

2.1.1. Filter Extraction

Ideally, the operating frequency of an SM controller is infinite; however, the infinite
switching frequency is not achievable in practical systems, due to the physical constraints.
It causes oscillations of the state variables in the neighborhood of the sliding surface ¢ = 0.
These oscillations are a combination of low and high frequency components. The low
frequency part of these oscillations is responsible for the motion on the sliding surface,
and can be filtered out using a low pass filter [36,37]. Therefore, a low pass filter is
designed by selecting an appropriate time constant T such that it passes the low frequency
component without distortion, thereby eliminating the high-frequency component. We
propose a first-order RC filter with time constant T = R;C;, where R; is the resistance
and C; is the capacitance of the filter. By using Kirchoff’s voltage law, the mathematical
expression of control input u against the filter output f(t) is obtained as follows:

u= Rui(t) + £(1) (16)

where i(t) is the current through the filter given by i(t) = C; % f(t):
d
u=RiC $f(t) + f(t) (17)

w=T () + (1) (18)

Under the assumption of the infinite switching frequency and a very small time
constant of the low pass filter, the output of the filter f(f) will approach the equivalent
control of the system, given as follows:

Hm  f(t) = tteg (19)

fs—00, 70

where f; is the switching frequency under these ideal conditions; the width, §, in which
the states oscillate, approaches 0, and the motion of the SM controller is closer to the ideal
one. Physically, for the extraction of the equivalent control, the following condition must be
satisfied: )
fs > p (20)
It must be pointed out that the filter extracted equivalent control carries the infor-
mation and disturbances faced by the system. As illustrated in Figure 1, after extracting
Ueq, the control signal V. is PWM implemented, using the ramp carrier signal with peak
amplitude V), and switching frequency f;. For stable operation, the peak amplitude of the
carrier signal V, must be higher than the amplitude of control signal V [38].

2.1.2. Existence of the SM

In this research, to fulfill the condition V), > V, for stable switching operation, the
voltage limiter circuit is realized using the Zener diode. It is important to note that the
obtained PWM switching signal will result in a fixed-frequency SM operation. We take a
positive definite Lyapunov function as follows:
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Vixt) = 3¢ @1

According to the Lyapunov theory, for the stable operation of the system, V (x, t) shall
be less than 0 at any time after t = 0. By differentiating Equation (21), we obtain the
following:

V(xt) =gc (22)

Substituting the value of ¢ from (13) into Equation (22) results in the following;:

T ) = |y - gy e W L Ly
V(x,t) = g[ e T gee et a1 E Vs — je Ve Vref] (23)
Considering u = —sign(g) and substituting in Equation (23), we obtain the following:

. 1 1 Vin . 1 1 . ..
Vi) = |~ fem — gea— 0% = [2sign(e) = Vs — geVhes — V| @9

If ¢ > 0, it can be seen simply from Equation (24) that ¢ is negative definite. Hence, it
satisfies the stability of the sliding manifold at ¢ = 0. To ensure the sliding condition, we
must be satisfy in the equation the following condition:

L « « L
Vin > I (RC - C) + Vout (1 + RC RZC) (25)
where & must satisfy the following:
1 1
a(oc—RC> > Te (26)

2.2. PWM Based Hysteresis Sliding Mode Control

In order to compare the results of the proposed controller, a PWM-based hysteresis

SM controller is also implemented. For the better understanding of the reader, the design

of this controller is also presented. Taking the error, ¢, of the inverter as the system state,
we define the following:

€= Vref — Vout (27)

where V,,f is the reference voltage and V,; is the output voltage of the inverter. Identifying

%Vout = %C and substituting it in Equation (8), we obtain the following:

¥ :Vout_ﬁxvin IC
1= 71cC LC RC2

(28)

As discussed earlier, SM control cannot be applied directly to the inverter. So the PWM-
modulated smoothed control law is utilized for practical implementation and achieves
a fixed-frequency SM control. A boundary layer of width J is introduced to reduce the
chattering problem in the neighborhood of the sliding surface [30]. The control law is
smoothed in a narrow boundary layer instead of the discontinuous control law. It shall
be noticed that the increase in the length ¢ will also increase the tracking error, and as
a result, the robustness will be compromised within this region. The PWM slope of the
carrier signal must be higher than that of the input signal. In [30], the slope of the carrier is
given as follows:

Se =4V, x f; (29)
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where V), and f; are the amplitude and frequency of the carrier signal, respectively. The slid-
ing surface is defined as follows:

¢(x) =Bx1+x=0 (30)

By using the sliding surface model, it is clear that the input control law to the PWM
consists of two terms, namely, the capacitor current error and output voltage error:

¢x) 1 B

(I,—IC)—I—E(Vr—VO) (31)

5~ oC
A sinusoidal waveform is obtained at the output of the inverter in a steady state
condition, and the output voltage error always approaches zero. In (31), % (I — Ic) >

%(Vr — V,), so it simplifies to the following:

o) _ 1 ., _ Lrippte
5 ~act—le)="5¢ 2

where Iy = Ir — Ic. It shall be noticed that the capacitor current contains noise signals with
abrupt changes; therefore, the value of ¢ is selected to compensate for this effect. Moreover, it
can be seen in Figure 2 that the capacitor and inductor are in series, hence, the ripple error
current is the same for both the capacitor and inductor and is represented in the following: (33),

Vin — V.
Iripple = KT(ZXfO) (33)
s
and
K =m x sin(2mfyt) (34)

where K, T, m and f, represent the duty ratio, time period of the carrier signal, modulation
factor and output frequency. Substituting (33) and (34) into (32) and then deriving for T,
the slope of input signal is obtained as the following;:

Vi

%= acs ©9)

For limitation, the PWM slope of the carrier should be greater than the slope of the
input signal, as follows:
5> §; (36)

Now, the value of § can be found by substituting Equations (29) and (35) into (36) as
follows:

Vin
4V X fs > 75 (37)

which gives the following:
Vi

) L
> 16LCV, fs

(38)
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Figure 2. Block diagram representation of PWM-based hysteresis sliding mode control.

2.3. Controller Implementation

To examine the performance of the proposed controller, it is simulated and imple-
mented in hardware as well. The Simulink tool of MATLAB-2017a is used to simulate the
proposed controller and PWM-based hysteresis SM controller for the inverter. The simu-
lated parameters of the inverter are provided in Table 2 in which f; and F are the switching
frequency and power frequency of the inverter, respectively. In the Simulink model, the
configuration parameters are selected such that ode3(Bogacki-shampine) is a solver with the
fixed step size of 107 s.

The controller is also implemented experimentally. The parameters of the inverter are
provided in Table 3. The H-Bridge inverter consists of four power MOSFET IRF3205 with
8 m() ultra low on-resistance and 110 A maximum current capability. The output filter of
the inverter consists of a capacitor made with two series 4.7 uF, 25 V capacitors and an
inductor of 1.5 mH constructed with a ferrite core. The operating frequency of the inverter
is selected to be 25 kHz. There is a compromise in selecting the switching frequency, as its
increased value increases the switching losses, whereas a low switching frequency results
in higher magnitude of the chattering signals. A 50 Hz square wave is generated from
an FPGA. The FPGA development board is powered through the USB port of the laptop,
which is not connected to the mains, to provide isolation.
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Table 2. Simulated parameters of inverter.

Description Symbol Value
Input Voltage Vbe 350V
Output Voltage Vout 220 Vrms
Switching Frequency fs 25 kHz
Power Frequency F 50 Hz
Inductance L 860 uH
Capacitance C 10 uF
Load Resistance Rioad 16-100 Q)
Table 3. Experimental parameters of inverter.
Description Symbol Value
Input Voltage Vbe 18V
Output Voltage Vout 12 Vrms
Switching Frequency fs 25kHz
Power Frequency F 50 Hz
Inductance L 14 mH
Capacitance C 23 uF
Load Resistance Riond 10-100 O3

A gate driver circuit consisting of two IR2110 ICs is used to drive the high and low side
of the IR3205 present at each leg of the H-Bridge. In order to operate at higher frequencies,
it is observed experimentally that the diode in the bootstrap circuitry of the gate driver
should have a fast reverse recovery time of less than 40 mus. If the diode reverse recovery
time is higher than this value, then it will not be able to apply the next switching pulse, as it
will take more time to return to the original state. Therefore, the FR106 diode with a reverse
recovery time of 250 ns is used in this circuit. All the experimental results presented in this
thesis were obtained using the 70 MHz Rigol oscilloscope with the sampling rate of 1 G
samp/s. The experimental setup to validate the performance of the proposed controller is

shown in Figure 3.
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Figure 3. Experimental setup of the proposed technique.

3. Results and Discussion

To examine the performance of the controller, both simulation results and hardware
implemented outputs are presented. Figure 4a shows the output voltage and current of
the inverter at maximum load with a total harmonic distortion (THD) of 0.7%. The gate
signals obtained from the proposed controller to operate power switches are presented in
Figure 4b. The simulation results show that both the controllers have zero steady-state error
and achieve the desired 220 Vrms. It should be noted that the proposed technique achieves
zero steady-state error without having an extra current loop and resonance compensator.
This establishes the cost effectiveness and simplicity of the proposed control technique.

1
08 B
06 b
04 4
02 b
0075 008 0085 009 0095 01 0.105 on o
o 001 002 003 004 06 007 008 0.09 o1

Time (s) Time(s)
(@) (b)

400

Current (A)

-100

Voltage (V)

Figure 4. Waveforms of the simulation results. (a) Output voltage and current of unipolar power inverter. (b) Switching
signals of inverter with 180 degree phase shift.

Simulation results for step load conditions of PWM-based hysteresis SM controller is
shown in Figure 5. This controller gives 31% undershoot and recovers in 0.6 ms. The over-

shoot by disconnecting the existing full load is also 12% of the rated voltage, and it settles
down in 0.8 ms.
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Figure 5. Simulation results of the PWM-based hysteresis SM controller. (a) Transient response of the system when
additional load is connected. (b) Transient response of the system when additional load is removed.

Figure 6 represents the step load conditions of the proposed controller. This controller
shows an improvement of 37% by reducing the undershoot to 18.5% and shows 50%
improvement in the transient time by recovering in 0.3 ms. It exhibits an improvement of
42% by reducing the overshoot to 7% and improves the recovery time by 50% by settling in
0.4 ms. The overall proposed control technique exhibits robust performance as compared to
the PWM-based hysteresis SM controller. The quantification results of both techniques are
compared in Table 4. The input voltage variation of the proposed controller is presented in

Table 5.

Table 4. Comparison of the simulation results.

Approaches Transient Time Overshoot Undershoot
PWM Based Hysteresis SMC 0.6 ms 12% 31%
Proposed Technique 0.3 ms 7% 18.5%

Table 5. Input Voltage Variation.

Input Voltage (Vpc)

Output Voltage (Vrms)

350 22047
340 220.34
330 220.11
320 219.98
310 219.56
300 219.31
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Figure 6. Simulation based SM controller. (a) Transient response of the system when additional load is connected.

(b) Transient response of the system when additional load is removed.

Voltage (V)

4

In Figure 7, the transient response of the inverter is presented at the same voltage level
for both the simulation and hardware, which validates the performance of the controller
and in Figure 8a, a FFT analysis of the output voltage is presented. This waveform shows
that there is only a fundamental frequency component with no other prominent harmonic
component. The calculated THD of the output voltage is less than 0.8%. Figure 8b shows
that the transient time of the output voltage in the step load condition is less than 1 ms.
Figure 8c shows the output voltage and current of the inverter at a linear load. The proposed
controller also satisfies the zero steady-state error. Figure 8d represents the gating signal for
the inverter, which is obtained from the controller. So, the proposed controller implemented
experimentally also shows good performance.

Additional Load Connected —Jotagd

00

0

s W
Time s
(a)

‘ RIGOL STOF (R P fommmoessn s F B zeen
w

Additional Load Connected

Time 5.088ms o= 1.829=

(b)

Figure 7. Transient response of the system when the additional load is connected. (a) Simulation result. (b) Hardware result.
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Figure 8. Waveforms of the experimental results. (a) FFT analysis of output voltage (b) Transient response of output voltage
indicating robustness when load is shifted from 100 Q) to 9.1 Q. (c) Output voltage and current of inverter. (d) Switching
signals for gate driver to operate inverter in a closed-loop system.

4. Conclusions

Discontinuous function shows robustness and disturbance rejection to unmodeled
dynamics; however, practically, this causes frequency drifts. The proposed SM controller
achieves a fixed-switching frequency by using the filter extraction of the equivalent control.
The model is implemented on a power inverter and the results are compared with a PWM-
SM controller to validate the effectiveness of the presented controller. Zero steady-state
error and better transient response are exhibited by the proposed technique, as it shows 50%
improvement in settling time. Moreover, it improves the voltage undershoot and overshoot
by 37% and 42%, respectively. Hence, the proposed SM controller demonstrates robustness
and parameter invariance, due to the direct implementation of the discontinuous function.

Some of the future prospects arising from the presented work are discussed here as
well. Inverters are the essential part of the regenerative braking units of hybrid electric
vehicles. The proposed SMC technique may be explored for this system to improve the
transient response and robustness. This technique can be evaluated based on the economy
and efficiency of the produced energy. One of the possible directions for future work is to
utilize this proposed technique on the inverter, along with the MPPT algorithm applied
to the boost converter, to obtain cheap, transformer-less and efficient energy, along with a
compact system from PVs.
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