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Fixed Switching Frequency Sliding Mode Control
for Single-Phase Unipolar Inverters
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Abstract—Sliding mode control (SMC) is recognized as robust
controller with a high stability in a wide range of operating con-
ditions, although it suffers from chattering problem. In addition,
it cannot be directly applied to multiswitches power converters.
In this paper, a high performance and fixed switching frequency
sliding mode controller is proposed for a single-phase unipolar in-
verter. The chattering problem of SMC is eliminated by smoothing
the control law in a narrow boundary layer, and a pulsewidth mod-
ulator produces the fixed frequency switching law for the inverter.
The smoothing procedure is based on limitation of pulsewidth mod-
ulator. Although the smoothed control law limits the performance
of SMC, regulation and dynamic response of the inverter output
voltage are in an acceptable superior range. The performance of
the proposed controller is verified by both simulation and exper-
iments on a prototype 6-kVA inverter. The experimental results
show that the total harmonic distortion of the output voltage is
less than 1.1% and 1.7% at maximum linear and nonlinear load,
respectively. Furthermore, the output dynamic performance of the
inverter strictly conforms the standard IEC62040-3. Moreover, the
measured efficiency of the inverter in the worst condition is better
than 95.5%.

Index Terms—Pulse width modulator, sliding mode control,
uinpolar single phase inverter.

I. INTRODUCTION

NOWADAYS, single-phase pulsewidth modulation
(PWM)-based inverter (see Fig. 1), which is used in

uninterruptible power supply (UPS), should supply nonlinear
and critical step loads. Since the inverter output impedance is
not zero, these loads can deform the sinusoidal output voltage
of the inverter [1]–[3]. According to the IEEE Standard 1547,
the total harmonic distortion (THD) of the output voltage must
be less than 5%, especially for nonlinear load. Table I shows
the standard details for maximum acceptable harmonic voltage
distortion. For inverters with 50-Hz output voltage frequency
and its switching frequency higher than 2 kHz, low-frequency
harmonics (2nd to 13th) should be rejected by a closed-loop
controller perfectly. Moreover, the controller must perform
a good regulation of the output voltage against the abrupt
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Fig. 1. PWM-based single-phase inverter.

TABLE I
IEEE STANDARD 1547 FOR MAXIMUM ACCEPTABLE HARMONIC

VOLTAGE DISTORTION

variations of the input voltage, output current, and the reference
voltage. These demands imply to use a fast controller with
good dynamic response for the inverters.

Recently, many control methods, like repetitive control [4],
[5], deadbeat control [6], multiloop feedback [7], [8], hystere-
sis current mode control [9], and internal model control [10],
have been proposed to achieve the aforementioned demands.
Occasionally, nonlinear observer [11] and harmonic elimina-
tion techniques are employed to improve the transient response.
It is noticeable that these control methods are based on average
model (small signal model) of the inverter [12], [13], because
the inverter state space equations vary when the switches state
changes. In this model, discontinuous control quantity, duty ra-
tio of switches, is approximated and modeled by a continuous
variable over a number of switching cycles [14]. Thus, it can
only well describe the system behavior close to its operating
points. In fact, the instantaneous behaviors of the inverter are
ignored in the average model and the model is only valid around
the operating point.

The inherent switching nature of power converters is com-
patible with sliding mode control (SMC) feature. The SMC is
well known for its robustness, stability, and good regulation
properties in a wide range of operating conditions; moreover, it
is not necessary to use average model of the inverter [2], [15],
[16]. According to the SMC theory, the main subject of the
power converter control (with an inherent switching action) is
the definition of a good sliding surface and switching condi-
tion to guarantee the output voltage regulation with low THD in
different conditions [20].

In spite of the SMC excellent performance, it suffers from
chattering problem which leads to variable and high frequency
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switching in the converter. This phenomenon increases power
losses and also produces severe electromagnetic compatibility
(EMC) noise. To fix the switching frequency against line vari-
ation for step-down dc/dc converter, Tan et al. [17] have intro-
duced an adaptive feedforward control scheme that varied the
hysteresis band in the hysteresis modulator of the SM controller
in the event of any change of the line input voltage.

Furthermore, authors of [18] have used an adaptive PWM for
SMC in which the modulation signal was a constant frequency
ramp with variable peak magnitude proportional to the input
voltage for a step-down dc/dc converter. The adaptive hysteresis
modulator is an effective method to fix the switching frequency,
although it suffers from the extra input voltage feedback. It
is not also suitable for inverter, because the sliding surface of
the inverter is time variant. Authors of [19] only limited the
switching frequency of a bipolar inverter from 20 to 40 kHz by
computing any time interval and holding the switching action.

In addition to chattering problem, discontinuous control law
(switching condition) that is generated by a sign function or
hysteresis modulator in the SMC is only suitable for single
switch converter such as buck converter due to two stable states
of the sign function output [17], [20]. Consequently, the SMC
method could not be applied to multiswitch converters such as
the single-phase inverters, directly. At least, four stable states are
needed to obtain suitable switching pulses for unipolar single
phase [21].

In this paper, based on SMC theory, a fixed frequency and
high-performance controller is proposed to apply to unipolar
single-phase inverters. A pulsewidth modulator is employed to
fix the switching frequency and to generate the suitable switch-
ing law for the four switch inverter.

II. SMC

One effective control tool compliant with the switching nature
of the inverter is represented by SMC, which is derived from
the variable structure system theory. This control method has
individual advantages for control of converters such as

1) stability against severe variations of load and the line;
2) robustness;
3) good dynamic response;
4) very simple implementation.
Based on SMC theory, a discrete control law can be defined

for each system in which the system states X follow desired
states Xd . The discrete control law is as follows:

u = sign(S(X)) =
{

+1 if S(X) > 0

−1 if S(X) < 0
(1)

where S(X) is a scalar function and S(X) = 0 is called switching
or sliding surface. This function is defined as

S(X) =
(

d

dt
+ λ

)n−1

(X − Xd) (2)

where n is the system order (n �= 1) and λ is a strictly positive
constant. According to Lyapunov theorem, to ensure the stability
of the system, the following inequality should be established

Fig. 2. (a) Inverter output voltage. (b) Bipolar PWM. (c) Unipolar PWM.

while η is a strictly positive constant:

1
2

d

dt
S2 ≤ −η |S| . (3)

This means that⎧⎪⎨
⎪⎩

lim
S→

+
0

S(X) > 0

lim
S→

−
0

S(X) < 0
,

⎧⎪⎪⎨
⎪⎪⎩

lim
S→

+
0

Ṡ(X) < 0

lim
S→

−
0

Ṡ(X) > 0.
(4)

If conditions (4) or sliding conditions are established, start-
ing from any initial condition, the discontinuous control law u
makes the state trajectory to reach the sliding surface in a finite
time, and then slides along the surface toward Xd exponentially.
In the sliding mode, the system dynamic response is represented
by S(X) = 0.

III. UNIPOLAR SINGLE-PHASE INVERTER

There are two popular PWM techniques (see Fig. 2), applying
to single-phase inverters, unipolar and bipolar PWM.

The unipolar PWM employs +VDC and zero to provide pos-
itive outputs, and −VDC and zero to provide negative outputs,
but the bipolar PWM only uses +VDC and−VDC to make either
positive or negative outputs. Hence, carrier harmonic content in
the bipolar scheme is twice of unipolar scheme. Notice that, in
the unipolar technique, the output voltage does not contain even
harmonics and also the first high-frequency harmonic appears
around twice of the switching frequency and not at the switching
frequency as it would have been in the case of bipolar PWM.
Because of these three attractive features of the unipolar PWM,
we develop unipolar PWM in this paper.

The ac output voltage of the inverter can be written as

Vout = VDC × m × Sin(2πfot) (5)



ABRISHAMIFAR et al.: FIXED SWITCHING FREQUENCY SLIDING MODE CONTROL FOR SINGLE-PHASE UNIPOLAR INVERTERS 2509

where Vout , VDC , m, and fo represent the output voltage, the
input voltage, modulation factor, and output frequency, respec-
tively. Assuming ideal elements, the state equations of the in-
verter are⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= u × VDC − Vout u = −1, 0,+1

C
dVout

dt
= iC = iL − io

io =
Vout

R

(6)

where inductor current iL and output voltage Vout are selected
as state variables. u is the discontinuous input of the system. It is
0 or 1 to provide positive output and, 0 or−1 to provide negative
output. In addition, ic , io , and R are the capacitor current, output
current, and load, respectively. To implement the SMC for the
inverter, it is more convenient to use a system description, which
involves the output error and its derivative⎧⎨

⎩
e = Vout − Vref

ė =
d

dt
(Vout − Vref ) =

iC
C

− V̇ref

(7)

where Vref is the reference voltage. In the inverter, the output
voltage is forced to be equal to Vref by appropriate switching.

Considering continuous current mode operation of the in-
verter and, selecting the e and ė as state variables, the system
equations in terms of the state variables x1 and x2 can be rewrit-
ten as follows ⎧⎨

⎩
x1 = Vout − Vref

x2 = ẋ1 =
iC
C

− V̇ref

(8)

and ⎧⎨
⎩

ẋ1 = x2

ẋ2 = − x1

LC
− x2

RC
− Vin

LC
u − Vref

LC
.

(9)

Now, we should define an appropriate sliding surface and
switching condition for desirable control of the inverter. Based
on (2), the sliding surface can be defined as follows:

S(X) =
(

d

dt
+ λ

)
x1 = ẋ1 + λx1 = x2 + λx1 = 0. (10)

To establish the sliding condition for the inverter, λ should be
selected to satisfying

λ

(
λ − 1

RC

)
> − 1

LC
. (11)

As mentioned before, direct implementation of switching con-
trol law through sign function of S(X) is not capable to apply
the inverter. Smooth control law and pulsewidth modulator are
employed to overcome it practically.

Generally, the chattering problem is eliminated by smoothing
the control discontinuity in a narrow boundary neighboring the
sliding surface [22]. Accordingly, in the boundary layer, dis-
continuous control law, u(u = −sign(S(X))), is replaced by
S(X)/Φ (see Fig. 3). The smoothed control law increases the

Fig. 3. Smoothed control law in the boundary layer.

Fig. 4. Pulsewidth modulator.

Fig. 5. Proposed controller for single-phase inverters.

tracking error and also, decreases the robustness to unmodeled
dynamics. Therefore, selection of Φ is a tradeoff between track-
ing error and the smoothing of control discontinuity.

Now, to provide switching law for the inverter, we apply the
smooth control law to a pulsewidth modulator (see Fig. 4). It
also results the inverter with a fixed switching frequency.

Our control loop is illustrated in Fig. 5 which is proposed from
the previous description about the control system. It consists of
two control loops, outer voltage loop and inner capacitor current
loop, with a pulsewidth modulator.

In the pulsewidth modulator, the slope of triangle carrier must
be higher than the slope of the input signal. The slope of triangle
carrier SC is

SC = 4VP × fS (12)

where VP and fs are the triangle carrier amplitude and fre-
quency, respectively.

In the proposed control method, the input of pulsewidth mod-
ulator, S(X)/Φ, consist of two terms: error of the output voltage
and the error of the capacitor current

S(X)
Φ

=
x2 + λx1

Φ
=

iC
CΦ

− V̇ref

Φ
+

λ

Φ
(Vout − Vref )

=
1

CΦ
(iC − iref ) +

λ

Φ
(Vout − Vref ). (13)

In the steady state, the inverter output voltage can be assumed
a pure sinusoidal waveform and its error is very close to zero.
Since the inductor ripple current ΔIL is entered to the capacitor,
the capacitor current error is equal to the inductor ripple current,
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TABLE II
SIMULATED INVERTER CHARACTERISTICS

and (13) can be reduced to

S(X)
Φ

≈ 1
CΦ

(iC − iref ) =
ΔIL

CΦ
. (14)

Since the capacitor ripple current is very steep, the input signal
of the pulsewidth modulator may be very high slope. So, proper
selection of Φ can aim to reduce the rapid slope of the PWM
input signal. According to [21]

ΔIL =
VDC − Vout

L
DT (15)

and

D = m × Sin(2πfot) (16)

where D and T are time-dependent duty ratio and period of
triangle carrier, respectively. Substituting (5), (15), and (16)
into (14), then derivation on T , the slope of the input signal SIN
yields

SIN =
VDC

4LCΦ
. (17)

Now, according to the limitation on the pulsewidth modulator,
the minimum of Φ is obtained as follows:

VDC

4LCΦ
� 4VP × fS . (18)

Then

VDC

16LCVP fS
� Φ ⇒ 10VDC

16LCVP fS
≈ Φmin . (19)

IV. SIMULATION RESULTS

The proposed control method has been simulated by Simulink
Toolbox in MATLAB for an inverter whose main characteristics
are mentioned in Table II, in which fs and fr are switching
frequency and cutoff frequency, correspondingly.

Controller parameters of the simulated inverter are listed in
Table III. βV is selected considering the electronic circuit’s
limitation. In accordance with (10), the inverter dynamic re-
sponse is of first order with time constant τ = 1/λ. Moreover,
the response time of inverter cannot be faster than a period of
switching; therefore, we chose λmax = fs .

The THD of output voltage is about 0.78% and 1.6% at max-
imum linear and nonlinear load, respectively. Fig. 6 represents

TABLE III
CONTROLLER PARAMETERS

Fig. 6. Simulation result. a) Output voltage and current at 6-kW linear load. b)
Output voltage and current at 6-kVA nonlinear load with CF = 2.75 and PF =
+0.7.

Fig. 7. Nonlinear load according to IEC62040-3 standard.
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Fig. 8. Proposed controller for single-phase inverters with a resonator in volt-
age loop.

Fig. 9. Simulation result: transient response of the output voltage for linear
step load from zero to 100%.

the output voltage and current at maximum linear and nonlinear
load. The nonlinear load was designed according to IEC62040-3
standard (see Fig. 7). The crest factor (CF) and the power factor
(PF) of the nonlinear load are about 2.75 and +0.7, respectively.

Simulation results also show that the transient time is below
0.3 ms for applying standard step load which means that the
dynamic performance of this inverter severely complies with
the class 1 UPS of IEC6204-3. The load regulation is also about
1%. That is sufficient for many applications. However, to obtain
better regulation for especial applications, a resonance compen-
sator is employed in the voltage loop controller (see Fig. 8). The
resonance compensator is described by the practical transfer
function as follows [23]:

GR =
kRs

s2 + 2πΔf s + (2πfo)2 (20)

which produces a forward high gain at fo equal to GR =
kR /(2πΔf ). kR and Δf are the compensator coefficient and
cutoff frequency, respectively. With this new controller, the reg-
ulation is better than 0.2%.

Fig. 10. Simulation result: transient response of the output voltage for linear
step load from 100% to zero.

Fig. 11. Experimental result: efficiency of inverter versus output power.

Figs. 9 and 10 present the output voltage and current behavior
at step load condition. The output voltage undershoot is less than
26% and also the settling time is about 0.2 ms for the linear step
load from zero to 100%. The output voltage overshoot, due to
linear step load from 100% to zero, is less than 20% and also
the settling time is about 0.3 ms. Furthermore, the load and line
regulation are 0.2% and 0.5%, respectively.

V. EXPERIMENTAL RESULTS

The inverter was implemented and tested experimentally. The
inverter bridge consists of four 500-V, 50-A power MOSFETs.
A 1.2-μS dead time is considered in switching of MOSFETs to
prevent shoot through (the accidental short circuit in the inverter
leg). The inductor of the output filter is made with EE128 ferrite
core, with 2.5-mm air gap. Furthermore, the filter capacitance
consists of two parallel 4.7-μF, 400-V ceramic capacitors.

Efficiency of the inverter is measured up to 95.5% (see
Fig. 11). The power loss of the inverter is also about 43 W
at the no load condition (R = ∞). The THD of output volt-
age is 0.9% and 1.1% at minimum and maximum linear load,
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Fig. 12. Experimental result: output voltage and current at maximum linear
load (6 kW).

Fig. 13. Experimental result: output voltage and current at maximum linear
load, CF = 2.75.

Fig. 14. Experimental result: details of output power at nonlinear test.

correspondingly. Fig. 12 indicates the output voltage and current
at maximum linear load (6 kW). The voltage and current were
measured by C.A 8334B, Chauvin Arnoux, network analyzer.

Fig. 13 shows the output voltage and current at maximum
nonlinear load whose CF is equal to 2.75. It is seen that the
THD of output voltage is 1.7%. Details of the nonlinear load are
presented in Fig. 14. The apparent power of the nonlinear load
is 5.66 kVA whose PF is +0.69.

Fig. 15. Experimental result: Transient response of the output voltage for
linear step load from zero to 100%, voltage scale = 100 V/div, and current
scale = 19 A/div.

Fig. 16. Experimental result: Transient response of the output voltage for
linear step load from 100% to zero, voltage scale = 100 V/div, and current
scale = 19 A/div.
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TABLE IV
COMPARISON OF INVERTER CHARACTERISTICS: PUBLISHED AND THIS WORK

Fig. 17. Output dynamic performance of the inverter.

The experimental waveforms for the dynamic test with linear
load are illustrated in Figs. 15 and 16. Fig. 15 shows the linear
step loading from 0% to 100% of the rated output active power,
and Fig. 16 presents the step load removal from 100% to 0%. The
undershoot related to the step load is below 29% and it settles
down at 0.3 ms. The overshoot due to the step load removal is
also below 29% of rated voltage and it settles down after 0.5 ms.
Fig. 17 shows the dynamic deviation of the output voltage at
step loading and unloading. It shows that the proposed controller
satisfies the voltage limits under dynamic conditions, and it is
not exceeding the undervoltage and overvoltage transient limits
of classification 1 of the IEC62040-3 standard.

Table IV summarizes the inverter characteristics and com-
pares them with previous works. As can be seen from Table IV,
the proposed inverter shows an impressive performance that
is better than or comparable to that of the previous works. Al-
though THD of output voltage in [19] is better than this work, its
switching frequency is relatively higher and it is variable from
20 to 40 kHz. Moreover, in spite of high switching frequency, it
has been used a large output capacitor. Cutoff frequency of the
output filter is about 520 Hz in [19], while for this work is about
2800 Hz.

VI. CONCLUSION

In this paper, a fixed frequency SMC was presented for a
single-phase inverter. The performance of the proposed con-
troller has been demonstrated by a 6-kVA prototype. Experi-
mental results show that the inverter is categorized in class1 of
the IEC64020-3 standard for output dynamic performance. The
inverter efficiency was measured up to 95.5% in the worst case.

Since the direct SMC cannot be applied to four switches
unipolar inverter and it also suffers from the chattering problem,
a PWM is employed to generate a fixed frequency switching law.
The PWM modulates the smoothed discontinuous control law
which is produced by SMC. To smooth the control law, the
limitation of the PWM was considered.

The simulation and experimental results show that the load
regulation is about 1% at the steady state as well. But, to obtain
better regulation, a resonance compensator was added in the
voltage loop. With this compensator, the load regulation was
measured which has been below 0.2%.
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