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A Robust Backstepping High-Order Sliding Mode
Control Strategy for Grid-Connected DG Units
With Harmonic/Interharmonic Current
Compensation Capability
Nima Mahdian Dehkordi, Nasser Sadati, Member, IEEE, and Mohsen Hamzeh, Member, IEEE

Abstract—This paper presents a new nonlinear current control strategy based on backstepping control and high-order sliding mode differentiator in order to employ distributed generation
(DG) unit interfacing converters to actively compensate harmonics/interharmonics of local loads. The converter-based DG unit is
connected to a weak grid (with uncertain impedance) and local load
(that can be parametrically uncertain and topologically unknown)
through an LCL filter. The proposed strategy robustly regulates the
inverter output currents and delivers pure sinusoidal, three-phase
balanced currents to the grid. The new controller demonstrates
the robust performance and robust stability of the DG unit system
with respect to the filter parameters uncertainties, grid impedance,
grid frequency, and grid voltage as well as the unknown load dynamics that include unbalanced loads and nonlinear loads with
harmonic and interharmonic currents. We should remark that the
local compensation of the loads with interharmonic current using
a DG unit system is first proposed in this paper. When compared
with the popular parallel proportional resonant control technique,
the proposed controller offers smoother transient responses and a
lower level of current distortion. The performance of the proposed
control strategy is verified in MATLAB/SimPowerSystems toolbox.
Index Terms—Backstepping control, harmonic compensation,
high-order sliding mode differentiator, interharmonic current,
nonlinear and unbalanced loads.

I. INTRODUCTION
HE increased application of nonlinear loads such as computers, variable-speed drives, and compact fluorescent
lamps, as well as power-electronics-based distributed generation (DG) systems may lead to distribution system harmonic
pollutions. To compensate distribution system harmonic issues,
a number of active and passive filtering approaches have been
proposed [1]. Conversely, installing additional filters is not cost
effective. Simultaneously, renewable energy sources (RES) are
connected to the grid using current-controlled voltage source
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converters with output L-type or LCL-type filters [2], [3].
Although grid-connected DG units may introduce harmonics
into the power system and distort the power quality of the distribution system, they are also able to improve the distribution
system power quality by cancelling the harmonic currents of
local loads through modifying control references [4]–[8].
To compensate for the local load harmonic current, many
types of harmonic extraction approaches have been suggested
[9], including instantaneous power (pq) theory [10], secondorder generalized integrator (SOGI) [11], the delayed-signalcancellation-based detection [12], and Fourier transformationbased detection [13]. To reduce the computational burden of DG
unit controllers, the harmonic detectionless method has been
proposed [6], [14]. The main grid current commonly needs to
be free of harmonic distortion. To improve the power quality of
the grid current, the DG unit compensates for the harmonic current drawn by the nonlinear loads through injecting harmonic
current. Therefore, the grid current will become free of distortion and the result will be good voltage quality at the point
of common coupling (PCC). It becomes more important for a
weak grid, where the harmonic current flowing through high
grid impedance may cause more voltage distortions at the PCC.
As a result, the improvement of the distribution system power
quality through the proper control strategy of DG is an issue
with high potential for engineering solutions [15].
To attain a high-power quality DG, many strategies for harmonic compensation have been investigated. Harmonic compensation methods can be divided into two categories: selective [6], [8], [16], [17] and non-selective schemes [18]–[22].
Many selective harmonic compensation strategies use a current
controller based on proportional-integral (PI) control in the rotating reference frame of each harmonic. Others use parallel
proportional resonant (PR) controllers (at the fundamental and
harmonic frequencies of interest) either in the stationary or rotating reference frame. These approaches are more flexible than
non-selective methods, resulting in good harmonic mitigation.
Nevertheless, these methods increase the computational burden
of the controller because they require the implementation of
separate controllers for each harmonic component.
As an alternative method, non-selective harmonic compensation strategies such as predictive control [23], repetitive control
[20], predictive deadbeat control [21], and sliding mode control
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[22] have been proposed to improve the performance of the DG
systems under undesirable load conditions and to reduce the
harmonics in the inverter output currents. However, the repetitive control method has a slow response and cannot guarantee
robust stability when faced with parametric uncertainties, unmodeled dynamics, and disturbances. Although predictive and
deadbeat controls ensure a fast dynamic response, they are sensitive to system parameters uncertainties. A number of works
that combine sliding mode control with conventional control
have been proposed for harmonic compensation [22]. They are
shown to be insensitive to parametric uncertainties and external disturbances. Although the sliding mode control method
reduces harmonics under undesirable load conditions, the undesired chattering phenomenon is a major drawback of sliding
mode control causing low power quality and instability.
The idea of harmonic filtering via point of connection (PoC)
using current-controlled grid-connected DG has been presented
in [5]. This method works according to the shunt active power
filter (APF) capability of DG, where the DG unit improves
the distribution system power quality by cancelling the harmonic currents of nonlinear loads. Finally, the DG unit delivers
an improved source current and PCC voltage with lower total
harmonic distortion (THD). Another method uses the concept
of resistive APF (R-APF), where the DG unit acts as a small
damping resistor at the selected harmonic frequencies [10]. In
[6], the hybrid voltage and current control (HCM) method without using any harmonic detection process has been proposed.
Feedback linearization technique is used in [2], but it suffers
from the possibility of controlling harmonics. In order to tackle
frequency deviations in the microgrid, adaptive HCM in [24]
has been proposed. The proposed approach improves DG unit
steady-state error as well as accomplishes superior harmonic
compensation. In [25], the robust hysteresis controller compensates harmonics in specific frequencies. Resonance mitigation
in the grid-connected converters has been investigated in [26].
This paper proposes a new nonlinear control strategy to control the current of a converter-based DG unit connected to a weak
grid (with uncertain impedance) and a local load (that can be
parametrically uncertain and topologically unknown) through
an LCL filter. The proposed controller regulates the grid current
in a robust way. In the proposed control strategy, the PCC voltage is considered a measurable disturbance signal. To effectively
reject the impact of the disturbance signal on the performance
of the system, this paper proposes a new backstepping control
with an arbitrary order exact differentiator strategy. According
to the separation principle, a controller and a differentiator can
be designed separately. A differentiator rejects the impact of a
disturbance signal and a backstepping control regulates the DG
current. The main salient features of the proposed method can
be summarized as follows:
1) The use of a new backstepping control with an arbitrary
order exact differentiator technique for control of the DG
unit systems has not been proposed or investigated before.
2) To the best of our knowledge, local compensation of the
load with interharmonic currents, such as induction furnace, to the grid-connected DG unit has not been investigated before.
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Fig. 1.

Compensation scheme for current-controlled DG unit.

3) Unlike existing methods, if the harmonic/interharmonic
frequency of the local loads is changed, it is not necessary
to change the control structure. This leads to a reduction
in the steady-state error of the controller.
4) When compared with the popular parallel PR controllers,
the proposed controller offers smoother transient responses with lower levels of current distortion. Moreover,
the new controller demonstrates the robust performance
and stability of the DG unit system with respect to grid
impedance, grid frequency, grid voltage, filter parameters
uncertainties, and the unknown load dynamics.
Finally, the simulation results of the proposed controller are
compared with those of the conventional parallel PR control
method, which confirms the superiority of the proposed nonlinear current controller.
II. SYSTEM DESCRIPTION AND MATHEMATICAL MODEL
Fig. 1 shows the block diagram of a three-phase, four-wire,
grid-connected DG unit, in which a common three-phase
voltage-source inverter (VSI) is connected to the grid via an
LCL filter. The local loads are connected to the PCC, which
are placed at DG unit terminals. As depicted in Fig. 1, the DG
output currents are regulated by the proposed controller, while
the harmonic extraction block extracts the loads harmonic/
interharmonic currents and produce the harmonic/interharmonic
currents references to inject a set of pure sinusoidal balanced
three-phase grid currents. Fig. 2 shows the circuit diagram of
a three-phase four-wire DG unit in grid-connected mode. L1
is the inverter-side inductor along with parasitic resistance; L2
is the grid-side inductor along with parasitic resistance; and
C is the filter capacitor.
The state space equations of the DG grid-connected system
in the stationary abc-frame with the isolation of grid-neutral N
can be represented through the following equations:
L1 i̇1 a b c (t) = uab c (t) − vab c (t) − R1 i1 a b c (t)
C v̇ab c (t) = i1 a b c (t) − i2 a b c (t)
L2 i̇2 a b c (t) = vab c (t) − R2 i2 a b c (t) − VPCC a b c (t),

(1)

where [i1 a b c (t)] = [i1 a (t), i1 b (t), i1 c (t)]T ∈ R3 are the currents
of the three-phase inverter referred to point N , [vab c (t)] = [va
(t), vb (t), vc (t)]T ∈ R3 are the voltages of the three-phase
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Circuit diagram of a three-phase four-wire grid-connected inverter.

LCL filter capacitor referred to point N , [i2 a b c (t)] = [i2 a (t),
i2 b (t), i2 c (t)]T ∈ R3 are the currents of the three-phase
LCL filter grid-side referred to point N , [VPCC a b c (t)] =
[VPCC a (t), VPCC b (t), VPCC c (t)]T ∈ R3 are the voltages of grid
referred to neutral point N , and [uab c (t)] = [ua , ub , uc ]T ∈ R3
are the output voltages of the three-phase inverter referred to
neutral point N in the stationary abc-frame. Because the threephase grid-connected microgrid contains the neutral point N , we
analyze separately for each phase. To facilitate the notations, we
define new variables for simplicity as [x1 , x2 , x3 , VPCC , u]T =
[i2 a (t), va (t), i1 a (t), VPCC a (t), ua (t)]T , where i2 a (t), va (t),
i1 a (t), VPCC a (t), and ua (t) ∈ R denote the single-phase gridside current, capacitor output voltage, inverter output current,
PCC voltage, and control input, respectively. Therefore, we have
1
R2
VPCC
x2 −
x1 −
ẋ1 =
L2
L2
L2
1
1
ẋ2 = x3 − x1
C
C
1
1
R1
ẋ3 =
u−
x2 −
x3 .
L1
L1
L1

(2)

Now, if we consider the PCC voltage VPCC a measurable
disturbance signal, the state space equations of (2) can be represented strongly as
ẋ1 = f1 (x1 ) + B1 x2 + ζ1 (t)
ẋ2 = f2 (x1 , x2 ) + B2 x3
ẋ3 = f3 (x1 , x2 , x3 ) + B3 u,

(3)

where f1 (x1 ), B1 , ζ1 (t), f2 (x1 , x2 ), B2 , f3 (x1 , x2 , x3 ), and B3
∈ R are smooth functions as follows:
R2
1
VPCC
x1 , B1 =
, ζ1 = −
f1 (x1 ) = −
L2
L2
L2
1
1
f2 (x1 , x2 ) = − x1 , B2 =
C
C
1
R1
1
f3 (x1 , x2 , x3 ) = −
x2 −
x3 , B3 =
.
(4)
L1
L1
L1
Because C, L1 , L2 , R1 , and R2 are considered to be known,
then f1 (x1 ), B1 , ζ1 (t), f2 (x1 , x2 ), B2 , f3 (x1 , x2 , x3 ), and B3
∈ R are known.
Assumption 2.1. The measurable disturbance signal ζ1 (t) is
assumed to be time-varying and known.

III. CONTROL OBJECTIVES
Given the PCC voltage VPCC , the control purpose is to adjust the current waveform of grid side x1 to the desired value
yc . Therefore, the state-space equations as well as the output
equation are represented as follows:
ẋ1 = f1 (x1 ) + B1 x2 + ζ1 (t)
ẋ2 = f2 (x1 , x2 ) + B2 x3
ẋ3 = f3 (x1 , x2 , x3 ) + B3 u
y = x1 ,

(5)

where f1 (x1 ), B1 , ζ1 (t), f2 (x1 , x2 ), B2 , f3 (x1 , x2 , x3 ), and B3
∈ R are defined in (4). Moreover, x1 , x2 , and x3 are considered measurable signals. The control targets are represented as
follows:
1) Adjust the current waveform of grid side x1 at the desired
value yc , so that the output y = x1 tracks the bounded
smooth desired reference yc with bounded derivatives
in the presence of the disturbance ζ1 (t) = − V PLC2 C with
2

ζ 1 (t)
bounded derivatives, i.e., | d dt
|≤ Γ, where Γ is a
2
known positive constant. Because the disturbance term
ζ1 (t) acts on a different channel from the control input,
the term ζ1 (t) is called a mismatched disturbance. The
mismatched disturbances have been a challenging control
problem in microgrid systems. To deal with systems with
mismatched disturbances, a new control scheme has been
presented.
2) Maintain the quality of the current waveform of the injected current to the grid IG despite the nonlinear and unbalanced loads, the grid voltage distortion, the grid voltage
unbalance, and the other system nonlinearity effects such
as the nonlinearity of the inductors.
3) Maintain robust performance in the presence of external disturbances and system uncertainties, including uncertainties in the value of the inverter side filter, grid
impedance, and the grid voltage and frequency.
4) Provide harmonic compensation as well as negative and
zero sequence compensation for the current waveform of
the injected current to the grid IG .
To establish the above goals, the new control scheme has been
presented.
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y converges exponentially to yc . In the next step, according to
the backstepping method, consider the error between the ideal
and actual x2 as

IV. PROPOSED CONTROL SYSTEM
A. Backstepping Control
PI controllers and parallel PR controllers are usually applied
to the converter-based DG unit. Recently, however, the backstepping method has been applied to microgrid systems [27]–[30],
which allows the designer to incorporate most system nonlinearities and uncertainties into the design of the controller. The
backstepping method provides a recursive method for stabilizing the origin of a system or tracking the desired trajectory in
strict-feedback form [31]. Moreover, the adaptive backstepping
method is applied to the hybrid microgrid to guarantee large
signal stability and robustness against unmodeled dynamics,
thereby enhancing the system performance [30], [32], [33]. Recently, an adaptive backstepping-sliding mode control method
has been employed to design the nonlinear controller of a
microgrid system [34]. The proposed method can not only overcome the system nonlinearities and uncertainties, it can also
improve the performance of robustness. The existence of parametric uncertainties and disturbances complicates the synthesis
of backstepping controllers. In particular, mismatched disturbances limit the application of backstepping techniques [35]. In
this section, inspired by the backstepping method, the design
procedure for system (5) under the Assumption 2.1 is followed.
The main goal of the design is to minimize the error between the
desired reference signal yc and its actual value y = x1 so that
the system remains globally stable. The output tracking error
can be defined as
e1 = y − yc .

(6)

By differentiating (6) and substituting from (5), (7) is
obtained.
ė1 = ẏ − ẏc
= f1 (x1 ) + B1 x2 + ζ1 − ẏc .

(7)

In (7), x2 is treated as the virtual input. Therefore, we define
φ1 as the ideal value of x2 that can control x1 appropriately. To
stabilize (7), considering the positive definite Lyapunov function
as
1
V1 = e21 .
(8)
2
The derivative of (8) along its trajectory is
V̇1 = e1 ė1 = e1 (f1 (x1 ) + B1 x2 + ζ1 − ẏc ).

e2 = x2 − φ1 .
Next, choose the Lyapunov function as
V =

V̇ = e1 ė1 + e2 ė2
= e1 (f1 (x1 ) + B1 x2 + ζ1 − ẏc ) + e2 (ẋ2 − φ̇1 )
= e1 (f1 (x1 ) + B1 (e2 + φ1 ) + ζ1 − ẏc ) + e2 (f2 (x1 , x2 )
+ B2 x3 − φ̇1 ).

As a result,

V̇ = H1 e21 + e1 B1 e2 + e2 (f2 + B2 x3 − φ̇1 ).

(11)

where H1 is selected negative. Because V1 is positive definite
and its time derivative V̇1 is negative definite, by virtue of (8)
and (11) from the Lyapunov function method of finding the
stability, the error e1 converges exponentially to zero—that is,

(14)

Similar to the previous step in the backstepping method, we
consider equation (14) and regard x3 as its input. We define
φ2 as the ideal value of x3 that can control x2 appropriately
according to (15).
φ2 =

1
(−f2 (x1 , x2 ) + φ̇1 + H2 e2 − B1 e1 ).
B2

(15)

Substituting (15) into (14) yields
V̇2 = H1 e21 + H2 e22 ≤ 0,

(16)

where H1 and H2 have negative values. By virtue of (16) and
(12), e1 and e2 converge exponentially to zero—that is, y and
φ1 converge exponentially to yc and x2 , respectively. Following
the backstepping method, consider now that the error between
the ideal and actual x3 is defined by
e3 = x3 − φ2 .
We select the final Lyapunov function as follows:
1 2 1 2 1 2
e + e + e .
(17)
2 1 2 2 2 3
Taking the time-derivative of the Lyapunov function (17) and
substituting φ2 from (15) yields
V =

V̇ = e1 ė1 + e2 ė2 + e3 ė3
= H1 e21 + H2 e22 + e2 B2 e3 + e3 (ẋ3 − φ̇2 )
= H1 e21 + H2 e22 + e2 B2 e3 + e3 (f3 (x1 , x2 , x3 )
+ B3 u − φ̇2 ).

(18)

Finally, the control law is calculated as
u=

V̇1 = H1 e21 ≤ 0,

(13)

Substituting for φ1 from (10) yields

(9)

(10)

(12)

whose derivative is

From the Lyapunov function method of finding the stability, if we make V̇1 negative definite, the system (9) becomes
asymptotically stable. Therefore, choose ideal x2 as
1
φ1 =
(−f1 (x1 ) − ζ1 + ẏc + H1 e1 ).
B1

1 2 1 2
e + e ,
2 1 2 2

1
(−f3 (x1 , x2 , x3 ) + φ̇2 + H3 e3 − B2 e2 ).
B3

(19)

Substituting u from (19) into (18) yields
V̇ = H1 e21 + H2 e22 + H3 e23 ≤ 0,

(20)

where similar to H1 and H2 , H3 has a negative value. By virtue
of (17) and (20), according to the Lyapunov stability criterion,
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e1 , e2 , and e3 exponentially converge to zero—that is, y, φ1 ,
and φ2 converge exponentially to yc , x2 , and x3 , respectively.
These convergences imply that the control input (19) causes the
output y exponentially tracks the reference yc in the presence
of disturbance ζ1 (t); but as seen in (15), (10), and (19), disturbance ζ1 (t) is used in φ1 , the time-derivative of φ1 is used in
φ2 , and the time-derivative of φ2 is used in the control signal
u. The important problem here is the use of the time-derivative
of the disturbance signal ζ1 (t) and the explicit differentiation
sensitivity to input noises. For this reason, the controller is not
proper and cannot be implemented. Therefore, the backstepping
method cannot guarantee robust stability when faced with mismatched disturbances. To solve this problem, a backstepping
controller is applied in combination with a high-order sliding
mode technique.

1/r

1/(r −k )

× sign(zk − vk −1 )

|z0 − φ1 |2/3 sign(z0 − φ1 ) + z1

ż2 = − λ1 L1 sign(z2 − v1 ),

|zk − vk −1 |(r −k −1)/(r −k )

(21)

After a finite-time transient process, we have the following
equality:


zi − φi  = 0, i = 0, . . . , r.
(22)
This inequality implies that after a finite-time, we have zi −→
φi . This controller provides the following properties:
1) exact compensation of mismatched disturbances in finitetime;
2) exponential exact tracking of a smooth reference signal in
the presence of mismatched disturbances;

(23)

and the derivative of the virtual control law φ2 is obtained by
.5
ż01 = v01 = −λ2 L.5
2 |z01 − φ2 | sign(z01 − φ2 ) + z11

ż11 = − λ1 L2 sign(z11 − v01 ).

(24)

The controller parameters are selected in a recursive manner
as λ1 = 1.1, λ2 = 1.5, and λ3 = 2 [35], [36]. L1 and L2 are
obtained by computer simulation [35], [36]. When we combine
the controller (19) and the homogeneous differentiator (21), the
control law becomes as follows:
1
(−f3 (x1 , x2 , x3 ) + z11 + H3 e3 − B2 e2 )
u=
B3
1/3

ż0 = v0 = −λ3 L1

|z0 − φ1 |2/3 sign(z0 − φ1 ) + z1

.5
ż1 = v1 = −λ2 L.5
1 |z1 − v0 | sign(z1 − v0 ) + z2

ż2 = − λ1 L1 sign(z2 − v1 )
.5
ż01 = v01 = −λ2 L.5
2 |z01 − φ2 | sign(z01 − φ2 ) + z11

ż11 = − λ1 L2 sign(z11 − v01 ).

k = 1, . . . , r − 2

żr −1 = − λ1 L1 sign(zr −1 − vr −2 ).

The derivatives of the virtual control laws φ1 and φ2 are
obtained by application of the high-order sliding mode differentiator (21) to (15) and (19), with the assumption of r1 = 2 and
r2 = 3. Therefore, the derivative of the virtual control law φ1 is
obtained by

.5
ż1 = v1 = −λ2 L.5
1 |z1 − v0 | sign(z1 − v0 ) + z2

|z0 − φ|(r −1)/r sign(z0 − φ)

żk = vk = zk +1 − λr −k L1

C. Control Law

1/3

Because the backstepping method cannot guarantee robust
stability when faced with mismatched disturbances, we solve
this problem using a method derived from [35], applying a
backstepping controller in combination with a high-order sliding
mode technique. If nothing is known about the structure of the
signal except some differential inequalities, high-order sliding
modes are used. The arbitrary-order robust exact differentiator
[36] is used to compensate for the disturbance to the system (5).
In fact, the arbitrary-order robust exact differentiator has been
introduced to calculate the time derivatives of the virtual control
laws φ1 and φ2 in (15) and (19) containing both disturbances and
uncertainties. The disturbances have been exactly compensated
by the injection of a continuous term generated by the robust
exact high-order sliding-modes differentiator.
This differentiator has exact convergence to the true value of
the estimated derivatives and provides a degree of softness to
the estimated signal by the appropriate selection of the order of
the differentiator. Let φ be a function to differentiate, under the
assumption that there exists a constant L1 such that | φ(r ) |≤ L1 ,
the differentiation of order r can be expressed as follows:
ż0 = v0 = z1 − λr L1

3) high-order sliding modes-based control provides a differentiable control signal that does not contain highfrequency terms and is applied directly to the plant.
Remark 4.1. The separation principle is attained for the proposed differentiator. According to the separation principle [36],
a controller and a differentiator can be designed separately; so
that the combined differentiator-controller output feedback is
designed to preserve the specifications of the controller.

ż0 = v0 = −λ3 L1

B. Backstepping Control With Arbitrary Order Exact
Differentiator
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(25)

The control parameters are the set H1 < 0, H2 < 0, H3 < 0,
L1 > 0, and L2 > 0, and the system performance is specified
with proper selection of these coefficients. The designer has a
high degree of freedom to find the best combination of these
system parameters, and the best combination of these parameters is determined by simulations [32], [35], [36]. Therefore,
the mismatched disturbances will be exactly compensated by
the injection of a continuous term generated by the robust exact high-order sliding-modes differentiator, and the control law
(25) will be differentiable and can be directly applied to the
system [35], [36].
The complete structure of the proposed controller is shown in
Fig. 3. The first part of the controller measures the PCC-voltage
and sends it to its main part. The second part of the controller
uses a high-order sliding mode differentiator to calculate the
time derivatives of the virtual control laws φ1 and φ2 in (15)
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Structure of the proposed robust controller.
TABLE I
PARAMETERS OF THE MICROGRID SYSTEM
Quantity

Value

R f 1 (series filter resistance)
R f 2 (series filter resistance)
L f 1 (series filter inductance)
L f 2 (series filter inductance)
C f (shunt capacitance)
D G rated power
f s w (switching frequency)
V a c (phase- neutral voltage of microgrid)
f 0 (system frequency)
V d c (DC bus voltage)

0.1 Ω
0.05 Ω
2 mH
0.5 mH
40 μF
10 kVA
10 kHz
220 V
50 Hz
600 V

and (19), containing both disturbances and uncertainties, and
sends the estimated values to its main part. Finally, the main
part of the controller uses backstepping control to provide good
performance against unbalanced and nonlinear load conditions
as well as weak grid condition.

V. SIMULATION RESULTS
To verify the performance of the proposed harmonic control strategy, a 10 kVA grid-connected DG unit shown
in Fig. 1 has been simulated under various scenarios in
MATLAB/SimPowerSystems software environment. The system shown in Fig. 1 operates in grid-connected mode and initially supplies linear unbalanced load of 5 kVA with P F = 0.9.
The THD of the main grid voltages is about 2%. The system
parameters are given in Table I. It is worth mentioning that to
verify the robustness of the proposed method with respect to
the filter parameters and the grid frequency, the simulations are
carried out with a 50% additive uncertainty (i.e., 50% additive
deviation from the nominal value) in the filter parameters and a
1% deviation in the grid frequency. The control delay between
the sampling instant and duty-cycle update instant also has a
great effect on system stability [37]–[39]; therefore, the simulations have been performed under one switching-period control
delay (50 μs). By proper selection of the control parameters,
the negative effects of control delay will be compensated for.

Fig. 4. Performance evaluation of the DG unit with an unbalanced load when
the reference power of the three-phase inverter increased at t = 0.1 s, resulting
in instantaneous (a) load currents, (b) DG currents, (c) grid currents, (d) control
signals, and (e) tracking errors.

A. Performance Under Unbalanced Load Condition
Before t = 0.1 s, the grid-connected DG unit supplies linear
unbalanced load of 5 kVA with P F = 0.9. To evaluate the per-
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Fig. 6. Performance evaluation of parallel PR controller with respect to the
inclusion of a highly harmonic load, resulting in instantaneous (a) load currents,
(b) DG currents, (c) grid currents, and (d) tracking errors.

B. Connection of a Three-Phase Harmonic Load

Fig. 5. Performance evaluation of the DG unit with respect to the inclusion
of a highly harmonic load, resulting in instantaneous (a) load currents, (b) PCC
voltages, (c) DG currents, (d) grid currents, (e) control signals, and (f) tracking
errors.

formance of the proposed controller, the reference power of the
three-phase inverter has been increased, as shown in Fig. 4(a)
and (b). The transient response of the controller is about one
cycle (20 ms). Fig. 4(c) shows the good tracking of the reference signals via the controller. As is seen from Fig. 4(e),
the error signals of the DG unit are less than 0.1%. Moreover,
Fig. 4(d) shows that the harmonic controller injects a set of
pure sinusoidal balanced three-phase currents to the main grid.
The load currents and control signals of the DG unit are depicted in Fig. 4(a) and (d), respectively. The simulation results
of this case study confirm that the proposed control method is
strongly robust with respect to the unbalanced loads as well
as the step changes in the reference power of the three-phase
inverter.

In this section, we investigate the performance of the DG unit
with respect to the inclusion of a highly harmonic load, such
as a six-pulse rectifier. Subsequent to the previous case study,
at t = 0.2 s, a six-pulse rectifier with 3 kVA and P F = 0.9 is
connected to the PCC.
First, as is seen from Fig. 5(d), subsequent to the inclusion
of a six-pulse rectifier load, between t = 0.2 s and t = 0.25 s,
the load harmonic current is not compensated by the DG unit
(Ir ef h = 0), and the harmonic load currents flow to the main grid.
As a result, the grid currents become highly distorted [where
c
is about 30% as shown in Fig. 11(b)]. As
the THD of Iab
G
shown in Fig. 5(d), after t = 0.25 s, the load harmonic current
compensation is applied by setting Ir ef h = IL , resulting in the
c
being significantly improved with a
main grid currents Iab
G
1.7% THD. Nevertheless, the DG unit currents i2 are polluted
with 15% THD, as shown in Fig. 11(c). The control signals and
DG currents, shown in Fig. 5(e) and (c), verify that the VSI is
injecting harmonic currents to provide the grid currents with a
set of pure sinusoidal balanced three-phase currents. The error
signals of the DG currents are less than 0.1%, except for a small
transient, as shown in Fig. 5(f). The load currents and PCC
voltages are depicted in Fig. 5(a) and (b).
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Fig. 8. Performance evaluation of parallel PR controller when a single-phase
nonlinear load (including interharmonic) is connected to the PCC at t = 0.35 s,
resulting in instantaneous (a) load currents, (b) DG currents, (c) grid currents,
and (d) tracking errors.

Fig. 7. Performance evaluation of the DG unit when a single-phase nonlinear
load (including interharmonic) is connected to the PCC at t = 0.35 s, resulting
in instantaneous (a) load currents, (b) DG currents, (c) grid currents, (d) control
signals, and (e) tracking errors.

To highlight the performance of the proposed controller, we
have compared it with the conventional parallel PR controller
(more explanation about the PR controller is presented in the Appendix). Fig. 6 shows the performance of the PR controller with
a 50% additive uncertainty in the filter parameters. Compared
with the proposed method (see Fig. 5(d)), and as it can be seen
from Fig. 6(c), the grid currents become distorted and the THD
c
becomes about 8%. Moreover, as shown in Fig. 6(d),
of Iab
G
the steady-state error of the PR control system is about 0.5 A
(10%). As a result, the proposed method has better robustness
against uncertainty compared with parallel PR controller.
The simulation results of this case study confirm that the
proposed control method is strongly robust with respect to the
harmonic load, including a three-phase six-pulse diode-bridge
rectifier. Moreover, the proposed controller injects a set of pure
sinusoidal balanced three-phase currents with a 1.7% THD to
the main grid.

C. Connection of a Single-Phase Load With
Interharmonic Current
In this section, we investigate the performance of the DG unit
against the connection a load with an interharmonic current. In
this case, a single-phase load that contains the unknown stochastic interharmonic current frequency is employed. At t = 0.35 s,
a 1.5 kVA single-phase nonlinear load with P F = 0.9, including interharmonic current of order 3.5 (175 Hz), is connected
to the PCC. The load currents are depicted in Fig. 7(a). The
instantaneous DG currents depicted in Fig. 7(b) indicate that
the DG unit absorbs the harmonic and interharmonic currents
from nonlinear loads and the controller injects a set of pure sinusoidal balanced three-phase currents with a 1.7% THD to the
main grid [Fig. 7(c)]. The control signals, depicted in Fig. 7(d),
verify that the VSI is injecting interharmonic, negative, and
zero-sequence currents in order to provide the DG currents
with a set of pure sinusoidal balanced three-phase currents. As
seen in Fig. 7(e), the error signals of the DG currents are less
than 0.3%.
To highlight the performance of the proposed controller, we
have compared it with the parallel PR controller. Fig. 8 shows
the performance of the PR controller against the connection of
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Fig. 10. Negative- and zero-sequences of (a) load currents, (b) grid currents,
and (c) DG currents.

Fig. 9. Performance evaluation of the DG unit when the grid impedance is
suddenly doubled at t = 0.45 s, resulting in instantaneous (a) load currents,
(b) DG currents, (c) grid currents, (d) control signals, and (e) tracking errors.

a load with an interharmonic current. Compared with the proposed method, and as can be observed from Fig. 8(c), the grid
c
currents become highly distorted and the THD of Iab
G becomes
about 20%. Moreover, the error signals of the current controller
become high (see Fig. 8(d)). Consequently, the proposed method
shows better robustness against the connection to the PCC of
a load with an interharmonic current when compared with the
parallel PR controller. This simulation study verifies the robust
performance of the controller with respect to unbalanced load,
including an interharmonic current. Moreover, the DG unit currents are sinusoidal with 1.7% THD.
D. Performance Under Weak Grid Conditions
Weak high-impedance grids may render stability problems. In
this section, the effect of increasing the grid impedance is investigated to further evaluate the performance of the controller. At

Fig. 11. Instantaneous THD of (a) load currents, (b) grid currents, (c) DG
currents, and (d) PCC voltages.

t = 0.45 s, the grid impedance is suddenly doubled. Fig. 9(c)
shows the current waveforms of the grid, which confirms the
controller injects a set of pure sinusoidal balanced three-phase
currents with a 1.7% THD to the main grid. As is seen from
Fig. 9(e), the error signals of the DG currents are less than
0.1%. Although the DG currents become highly distorted as
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shown in Fig. 9(b), the grid currents are sinusoidal with 1.7%
THD [Fig. 9(c)]. The control signals and DG currents, shown
in Fig. 9(d) and (b), verify that the VSI is injecting harmonic
currents in order to provide the grid currents with a set of pure
sinusoidal balanced three-phase currents. The load currents are
depicted in Fig. 9(a). The controller shows an excellent, robust performance with respect to the grid impedance variations.
Moreover, all of the simulation results show that the controller
has a robust performance in the presence of the filter parameters
uncertainties. Negative- and zero-sequences and THD criteria
are other ways to show the good performance of the controller in
the presence of harmonic, interharmonic, and unbalanced loads
as well as system uncertainties and disturbances. Uncertainties
and disturbances include the value of the filter, grid impedance,
grid frequency and unknown faults in the grid. Fig. 10 shows the
negative- and zero-sequence components of the load currents,
grid currents, and DG currents. As shown in Fig. 11(b), although
the load currents are highly distorted [THD of 15% and negativeand zero-sequence of about 4 A according to Fig. 10(a)], the DG
unit absorbs the harmonic and interharmonic currents from nonlinear loads and the controller injects a set of pure sinusoidal
balanced three-phase currents with a 1.7% THD [negative- and
zero-sequence less than 0.3 A according to Fig. 10(b)].
VI. CONCLUSION
In this paper, a new harmonic and interharmonic compensation strategy is proposed for DG interfacing converters with
LCL filters. The proposed method combines a backstepping
control system based on a high-order sliding mode differentiator. The DG unit is connected to a weak grid (with uncertain
impedance) and a local load (which can be parametrically uncertain and topologically unknown) through an LCL filter. The
PCC voltage is considered a measurable disturbance signal. The
aim of the controller is to regulate the grid current, irrespective
of the load dynamics, grid impedance, grid frequency, and the
grid voltage. To achieve the desirable performance and to reject
any disturbance signal, a new backstepping control based on a
high-order sliding mode differentiator is proposed. It is worth
mentioning that the use of a new backstepping control with an
arbitrary order exact differentiator technique for the control of
DG grid-connected systems has not been proposed or investigated before. The simulation results confirm that the proposed
strategy does the following:
1) It maintains the quality of current waveform despite the
grid voltage distortion, grid voltage unbalance, and unknown dynamics, including linear, nonlinear, and highly
unbalanced loads (such as constant power load) as well as
loads with an interharmonic current, such as an induction
furnace connected to the PCC. To the best of our knowledge, connection of a load with an interharmonic current
such as an induction furnace to the DG unit has not been
investigated before.
2) It accurately compensates for the harmonic currents of
nonlinear loads.
3) It effectively compensates for the negative- and zerosequence currents of unbalanced loads.

TABLE II
PARALLEL PR CONTROLLER PARAMETERS
kp
k1
k7
k1 1

kg
k5
ωc
k1 3

1
5000
3000
2000

1
4000
.01
2000

4) It maintains robust performance in the presence of the
filter parameters and the grid impedance uncertainties.
APPENDIX
The complete structure of the parallel PR controller is expressed as follows:
K(s) = kg [G1 (s) + G5 (s) + G7 (s) + G11 (s) + G13 (s)],
(26)
where G1 (s), G5 (s), G7 (s), G11 (s), and G13 (s) are formulated
as follows:
G1 (s) = kP +

2k1 ωc s
,
s2 + 2ωc s + ω02

G5 (s) =

10k5 ωc s
s2 + 10ωc s + (5ω0 )2

G7 (s) =

14k7 ωc s
s2 + 14ωc s + (7ω0 )2

G11 (s) =

22k11 ωc s
s2 + 22ωc s + (11ω0 )2

G13 (s) =

26k13 ωc s
.
s2 + 26ωc s + (13ω0 )2

(27)

In these equations, the ki (i = 1, 5, 7, 11, 13) coefficients,
kp , and ωc are the parameters of the PR controllers that must be
determined. To obtain these coefficients, the following criteria
must be satisfied:
1) rapid reference tracking without steady-state error;
2) a gain margin more than 3 dB;
3) a phase margin more than 30 deg;
4) band-width less than 10% of the switching frequency;
5) quick disturbance rejection.
Moreover, the parameters of the designed parallel PR controller are shown in Table II.
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