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Abstract-Voltage source converter (VSC) can be considered as the heart of interfacing system for the
integration of distributed generation (DG) sources into the power grid. Several control methods have been
proposed for integration of DG sources into the power grid, and injection of high quality power.
However, the converter-based DG interface is subjected to the unexpected uncertainties, which highly
influence performance of control loop of DG unit and operation of interfaced converter. The interfacing
impedance seen by interfaced VSC may considerably vary in power grid, and the stability of interfaced
converter is highly sensitive to the impacts of this impedance changes; then, DG unit cannot inject
appropriate currents. To deal with the instability problem, a control method based on fractional order
active sliding mode is proposed in this paper, which is less sensitive to variations of interfacing
impedance. A fractional sliding surface, which demonstrates the desired dynamics of system is developed
and then, the controller is designed in two phases as sliding and reaching phases to keep the control loop
stable. Stability issues of the control method are discussed in details and the conditions in which the
proposed model works in a stable operating mode is defined. The proposed control method takes a role to
provide high quality power injection and ensures precise references tracking and fast response despite
such uncertainties. Theoretical analyses and simulation results are established to confirm the performance
and feasibility of the proposed control method in DG technology.

Keywords- Voltage Source Converter; Distributed Generation; Interfacing Impedance; Fractional Order
Control; Active Sliding Mode Control.
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1) Specified positive constant
ky, ki, and A Design parameters of fractional order PI control
y Switching factor of sliding mode control

B Positive constant

1I. Introduction

Distributed Generation (DG) technology based on renewable energy sources is getting more attentions
from electrical engineers and scientists, which consider different goals such as environmental,
economical, and technical viewpoints [1]. Furthermore, DG technology can offer higher power quality or
reliability to the loads and grid, produce electricity at a site closer to customers, and reduce stress of
utility grid during peak of demand from the load side [2].

Renewable energy sources are more preferable option for empowering the DG units near the main grid,
since, energy storage is not very satisfying at present and saving energy is a problematic issue.
Development of semiconductor switching devices led to high-speed operation of voltage source
converters (VSCs), which are capable of delivering high quality power to the loads and grid. Generally,
power electronic VSCs are feasible solution to integrate DG sources to the grid due to introduction of
real-time controller [3].

Stable operation of control loop in DG unit is an important aspect; so as, an instable control loop cannot
inject desired power from DG source to the grid. The interfacing impedance seen by the VSC may
noticeably change depending on the configuration of the utility grid (as DG units are commonly installed
in weak grids), output filter design, and grid synchronization techniques. Also some phenomena such as
cable overload, temperature effect, and saturation often further aggravate the problem. Uncertainties in
the impedance seen by the VSC leads to instability in the control of DG interfacing system since the
stability is so sensitive to the interfacing impedance variations. As a result of instable controller, the DG
system cannot inject the expected currents or persistent oscillations may exist in the injected currents [4].
Hence, it seems crucial to design a control structure for the DG system, which is insensitive to the
variations of interfacing impedance.

Several control methods and studies have been reported for integration of DG sources into the power grid
such as [5]-[10]; however, a few works have addressed instability problems of interfaced converters in
DG technology. Influence of grid impedance on current control loop have been investigated in [11] and a
control technique based on adjusting the controller gain was proposed to stabilize interfaced VSC;
however, it needs problematic online measurement of interfacing impedance; moreover, changing
controller gain may deteriorate other capabilities such as disturbance rejection. An adaptive grid-voltage
sensorless control method has been presented in [12] for converter-based DG units, which needs an
additional interfacing parameter estimator in a parallel structure to deal with the stability problem.
Reference [13] proposed a model reference adaptive control to connect DG units to utility grid through a
LCL filter; nevertheless, it uses converter output current as the feedback signal to the controller, which
may result in the resonance of the grid current due to the interaction of converter output harmonic current
and the resonant circuit formed by the grid inductor and filter capacitor. An impedance-based stability
criterion has been verified in [14], which discusses the condition in which a grid-connected converter is
stable but it does not present a proper control solution for the instability problem. Effects of grid



impedance variations on the stability of the interfaced converter have been investigated in [15]. It has
been demonstrated that when either the inductance of the grid increases or the inductance and resistance
of the grid increase together, the system stability is adversely affected. Also, [15] proposes an Hoo
controller to deal with the instability problem; however, its implementation and obtaining weighting-
functions in such systems are very hard.

An effective control method is proposed in this paper, which combines fractional order control (FOC)
with an active sliding mode control (ASMC). FOC, which is the use of non-integer order derivatives and
integrals, has been realized as an alternative scheme for solving control problems [16, 17]. Applying the
notion of fractional order for managing control problem is a step closer to the practical situations since the
real world processes are mostly fractional. Some models of fractional order and fractional calculus have
been developed to solve different control problems [18, 19]. Sliding mode control is a particular type of
variable structure control systems designed to drive and then maintain the system states within a close
neighborhood of the decision rule, and is well-known for its robustness to parameter variations and
disturbances [20, 21]. Therefore, combining fractional order approaches together with sliding mode
control has attracted significant interests [22-26].

The objective of this study is to extend a fractional order active sliding mode controller (F;ASMC) to the
current control of a grid-connected three-phase VSC for possessing small steady-state tracking error and
fast response of the grid current while maintaining the system insensitive to the interfacing impedance
variations. The idea behind this method is that the system states are limited to lie on the fractional sliding
surface where the dynamics of the system are only specified by the dynamics of the switching surface.
Therefore, the system is invariant in the control design, and the motion of the states trajectory is much
less sensitive to disturbances and parameter variations. The control method is easy to implement and it
only needs nominal values of the model parameters. Also, it neither affects the capability of disturbance
rejection of the current controller nor needs additional estimators.

Further, the stability of the proposed control method has been verified by selecting an appropriate
Lyapunov function candidate. Lyapunov theorem is a strong tool to investigate the stability of non-linear
control systems [23,27]. In [28], the stability of an extended state observer-based sliding mode control
approach for PWM-based DC-DC buck converter systems is analysed using Lyapunov method. This
theorem has been incorporated in [29] to prove the stability of a sliding mode controller for a class of
unknown nonlinear discrete-time systems. Thus, using this method, the stability of the proposed FLASMC
is analysed and sufficient conditions are derived.

This paper is organized as follows. Following the introduction, a description of the VSC-based DG model
is presented in section III. In section IV, basic definitions of the fractional calculus are verified at first and
then, design procedure of the proposed control method is given, and the stability issue of the control
scheme is discussed. Section V draws simulation results showing a comparison between conventional PI
controller and the proposed FFASMC. Finally, the main conclusions of this paper are illustrated in section
VL

I11. VSC-based DG interfacing model structure

This section focuses on a three-phase DG model with a current-controlled VSC. General block diagram of
the proposed model is shown in Fig. 1.a. The VSC synthesizes the AC voltage using space vector



modulation (SVM) technique with the available DC voltage. Control signals for the SVM are generated
from an appropriate controller, and switching pulses are applied to the VSC switches for power injection
from DG source into the power grid. To form a grid-connected DG model, the VSC is integrated to the
utility grid with an inductive filter and an isolation transformer. The filter is responsible for filtering out
the high frequency harmonics generated by VSC switching actions, and the transformer works as an
interfacing reactor. Figure 1.b shows the circuit diagram of the grid-connected DG unit with three-phase
two-level VSC. The utility grid is modeled as a three-phase AC source with internal impedance using
Thevenin’s Theorem.
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Fig. 1. Generic grid-connected DG unit using three-phase VSC, (a) block diagram of the power system,
(b) equivalent circuit diagram with interfaced VSC.

A. Dynamic Analysis of the Proposed Model



To inject high quality power to the utility grid, a current control technique is usually adopted to form the
output voltage so that minimum current error is achieved. A VSC controls the magnitude and frequency
of the output voltage. The output voltage at each leg of the VSC can be expressed as

Ven = Dyn - Ve (1)

where, the switching variable D, determines the switching state of interfaced converter, and can be
defined as 1 or 0 when the upper (or lower) switch of the leg is switched ON or OFF. Dynamic equations
of the proposed model can be calculated by applying Kirchhoff’s voltage and current laws in AC-side and
DC-side of the interfaced converter as,
diy _
L——=+4Riy —Vxo + V5 =0

dt (2)
b,c

b,c
. dvdc 1 ,
e = 05+ Q| D=3 0, Do i
x=a y=a

= 3)
By defining the switching state function of the VSC as,
b,c
1
Ue = Dxn — 3 z Dyn 4)
x=a
and substituting (4) in (2) and (3), the dynamic equations of the proposed model can be rewritten as,
diy .
L—=+ Riy — Uyvgc + Vg = 0
dt (5)
d b,c
v
Cd—:c+Z(Ux.ix)— ige =0
¥=a (6)

B. Steady-State Analysis of the Proposed Model and Reference Currents Calculations

In synchronous reference-frame, a rotating reference-frame is utilized so that all fundamental positive
sequence alternating variables become DC quantities in dg0-coordinate system; then, objectives of
controlling and filtering in the control loop of the system can be achieved easier. By Park transformation
matrix, dynamic equations of the proposed model in (5) and (6) can transfer into the synchronous
reference-frame with angular speed w as,

dig . .
LE — Lwig + Rig — Ugvgc +vgq =0 7)
di
Ld—f+ Lwig + Rig — Ugvge + v = 0 )
dvdc § § §
CT'F Udld + Uqlq — lgc = 0. (9)

It should be mentioned that zero components of line currents and grid voltages are zero since balanced
operation and symmetric abc voltages are considered. Substituting time-varying components by the



steady-state quantities and forcing time derivatives to zero, the steady-state expressions of the proposed
model in equations (7)-(9) can be calculated as,

_ _Lwiqref + Ridref + vgd

Uas = v (10)
o Lwigres + Rigres

V*ac (11)

Uasiarer + Ugsigrer — lac = 0. (12)

By substituting the steady-state switching state functions (10) and (11) in (12), the following equation can
be obtained

Vya\2 2 Vgq® +4ARV* 4.1
(l'dref+2L}?) +(iqref) = 9¢ 4R2 de dC’ (13)

which is the mathematical equation of a circle with the center of (—?—Rfi,O) and radius of

Vga?+4RV* gl . . . . . . . .
W. This circle is shown in Fig. 2 which demonstrates the maximum capacity of interfaced
converter for injection of active and reactive power components, i.e. DG can only supply the currents that

are inside the circle.
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Fig. 2. DG interfacing injection capacity.

Active and reactive power injected from VSC to the grid to control d-axis and g-axis currents are,

3 . .
P = E(Ugdld + qulq) (14)



3
Q= E(quid - Uydiq)- (15)

Assuming that d-axis of the synchronous reference-frame lies in the direction of grid voltage space vector
(d-axis synchronized with the grid voltage space vector), g-component of grid voltage is always zero
(vgq = 0). Thus, to inject the desired active power Pr¢f to the grid, d-component of the reference current
can be obtained from (14)

2Pref

laref = 3 .
3v
gd

(16)

By setting a zero value for the g-component of reference current in the current control loop of DG unit,
only active power will be injected by integration of DG sources into the power grid and power factor
between the injected current from DG unit and load voltage will be obtained a unity value.

Iv. Proposed control design of integrated DG model

The current control structure of a three-phase VSC is the key element in the control design of a converter-
based DG system. When the interfacing impedance seen by the VSC becomes highly inductive, the
bandwidth of the controller is considerably decreased, which degrades the dynamic performance of the
controller [15]. This leads the system to be oscillatory or even unstable. In this section, to deal with the
instability problem a FLASMC is designed for the integration of DG units to the power grid with a three-
phase framework. The proposed control scheme has the properties of fast response and small steady-state
tracking error of the grid current while keeping the performance of the model insensitive to the interfacing
impedance uncertainties. To achieve this goal, a fractional order sliding surface is developed, and then the
proposed control method is designed in two stages. The first stage is to choose an appropriate active
controller when the system states are supposed to lie on the sliding surface; however, system uncertainties
mainly due to the parameter variations may degrade the performance of the active controller, i.e. the
states leave the sliding surface. To overcome the problem and adapt the control design to such
uncertainties, in the second stage, sliding mode control has been combined with the active controller here,
which also has the benefit of handling the drawbacks of discontinuous operating of switching devices. In
this technique, the system states are limited to lie on the sliding surface where the dynamics of the system
are only specified by the dynamics of the switching surface. Therefore, the system is invariant in the
control design, and the motion of the states trajectory is much less sensitive to disturbances and parameter
variations.

Basic definitions of fractional calculus are verified first, and design procedure of the FFASMC, which is a
combination of active controller, sliding mode controller and fractional order strategies is given in next
step, and finally, the stability issue is discussed for the proposed method.

A. Basic definitions and preliminaries of fractional calculus

Fractional order controllers are the ones with a dynamic characteristic described by differential equations

containing derivatives whose order is not an integer number. The fractional operator, denoted by DP, is
a compound integration-differentiation operator, which is commonly used in fractional calculus. This



operator is a single expression for both the fractional integral and fractional derivative, and can be defined
as,

dn
, h>0

e
T
I

t
-h
L(dr) h<0 17

The commonly used definitions in fractional calculus are Grunwald—Letnikov, Riemann-Liouville, and
Caputo definitions [30]. The Grunwald-Letnikov fractional derivative definition is given by,

o0 = B i (S S o ()7 (-5

j=0 (18)

The second fractional derivative definition, i.e. RiemannLiouville definition, which is the simplest one is
defined as follows,

a*f(t) 1
d(t—a)h r'(n—h) de*

DEF(D) = j (t — )" (D),

(19)

where, I" is the Gamma function and n — 1 < h < n, n € N. The Caputo fractional derivative definition
is defined by,

(m)(T)
r(m- h)j (t —hti-m

—f(t) h=m 20)

m—1<h<m

)

oDLf(D) =

/___/\__\

dtm
where, m € N is the first integer number larger than 4.

Control techniques which use FOC employ these definitions to apply the idea of fractional integral and
fractional derivative in their implementations. In this paper, the third definition, i.e. Caputo fractional
derivative definition, is used in the proposed control method.

B. F,ASMC design

The current dynamics of the proposed model in the synchronous reference frame (7) and (8) can be
represented by the following state-space equations,

di, ]
E = Alz + BUZ + T'ng

= (A, + AA)i, + (By + AB)U, + (T, + AT)vy,

=A,i; + BoU, + Tovg, + 1, 21



. . AT T T
lz = [ld lq] ) U, = [Ud Uq] ) Vgz = [vgd vgq] )
[Ro/Ly @ /L, 0 ] _[—1/L0 0
AO‘[ —w —RO/LO]’ BO‘[ 0o 1/L,|Yae To=| o _1/1,)
and
r = AAi, + ABU, + ATv,,, 22)

where, 4, B and T are the system matrices; Ao, B, and T, represent the nominal values of 4, B and T; AA,
AB, and AT denote the system parameter variations; and r expresses the lump of uncertainties caused by
parameter variations, which is assumed to be bounded by §,

Irl <8, (23)
where, § is a specified positive constant.

Considering the described model, the errors dynamics can be defined as follows,

€ = Xypef =X = izref =l (24)

where, i..r (=x,¢) 1s the reference current. The objective of the F.ASMC is to design the controller U. such
that the model state (x=i.) precisely tracks the reference output current.

Output of the PID controllers is a linear combination of the input, the integral of the input, and the
derivative of the input. Fractional order PID controllers are generalizations of PID controllers. Output of
the fractional order PID controllers is a linear combination of the input, a fractional integral of the input,
and a fractional derivative of the input. The proportional-integral equation, which defines the fractional
order PI (F.PI) [16, 22] control action can be written as,

v(t) = kpe + k;D%e. (25)

If A is 1, the result is a usual PI (called as integer PI). A switching surface is developed for interfaced
converter based on FOC in order to design the F,ASMC. In this sense, a fractional form of the linear
compensation PI networks is used to achieve fractional sliding surface of the form PI*. Based on the
generalized (fractional) PI* structure, a candidate for fractional sliding surface, which represents a
dynamic of desired model can be obtained of the form as,

S = kp(Xrer —x) + kD™ (Xpep —x);0 <A< 2, (26)

Sliding mode control forces the system state space trajectories to reach the sliding surface in a finite time
and to stay on the surface for all future time. The most significant feature of the sliding mode technique is
low sensitivity to system parameter variations since the motion in the surface is independent of
uncertainties. The main function of the sliding mode controller is to switch between two different
structures of the system so that a new type of system motion (sliding mode) exists on the surface.
Therefore, the proposed F;ASMC is designed in two phases as,



1- The sliding phase by S =0
2- The reaching phase when S # 0

In the first phase (§ = 0), which shows the model operates in desired condition and there are no
parameter variations, the active controller can be designed as follows,

Ugeq = =By~ "(Apx + Tyvy, + CoS), 27)

where C, is a positive definite matrix for placing poles of the nominal system in its desired values. The
active controller works properly when there are no uncertainties; however, the sensitivity of the dominant
poles of the current controller is very high to system uncertainties mainly due to parameter variations,
which lead to drive harmonic currents through the converter or even the controller may become unstable,
i.e. S # 0. In this phase, in order to drive any states outside the surface to reach the surface in a finite
time, a switching control law is developed to construct the F,ASMC as,

Uz = Uzeq +ysgn(S), (28)

where y is the switching factor, which can be tuned in order to eliminate the effects of parameter
variations. As can be seen from (27) and (28), the nominal values of the model parameters are only
required to design the controller. The schematic diagram of the proposed control scheme for integration of
DG units to the utility grid is illustrated in Fig. 3.a.
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Fig. 3. (a) schematic diagram of the proposed F;ASMC for DG model, (b) Basic structure of the
synchronous reference frame PLL.



As can be seen in Fig 3.a, the PLL strategy is incorporated to extract the phase angle of the grid voltage
[31]. The PLL is implemented in dg synchronous reference frame, and its block diagrams are illustrated in
Fig 3.b. In this structure, three-phase voltage vector is transformed from abc natural reference frame to dg
rotating reference frame by using Park’s transformation. A regulator, usually P, is used to control this
variable, and the output of this regulator is the grid frequency. After the integration of the grid frequency,
the utility voltage angle is obtained. The angular position of the dg reference frame is controlled by a
feedback loop which regulates the d component to zero [32]. In case of the grid voltage is distorted, this
PLL can operate satisfactorily, nevertheless, additional improvements should be taken into consideration
to overcome grid unbalances.

C. Stability analysis

By considering a Lyapunov function candidate as,

V—152
27 (29)

a sufficient condition for the states to move from the second phase to the first one in a finite time is as
follows,

Vv=ss<o. (30)

The first derivative of the fractional sliding surface can be obtained as,

S = kpD(xye — x) + kDD (xpep — x), (31)

which can be rewritten using the principles and properties of the fractional derivatives and integrals as
follows,

S = kp(fcref - X) + kl-Dl_)‘(xref - .X'). (32)

Thus, the condition (30) can be expressed as,

V = SS = S[kp(xref — .X') + kl-Dl_)‘(xref — X)] (33)
Substituting (21) and (28) in (33) yields,

V=S [kp (Xref —Ay,x — B, (—Bo_l(on + Tovgx + CS) + ysgn(S)) — ToUpx — r) +
kiDl_)L (xref - X)]
= S[kp(%rer + CS — Boysgn(S) — ) + kiD* ™ (xyer — x)]
< —kypBoYIS| + |kpkres + kpCS — kpr + kDY (xpep — x)| IS]. (34)
The term X, is equal to zero because the reference output current of the model i..r (=x,y) in dqo-
coordinate system is a constant value. Assuming that the model operates in its normal condition, the error
of the system x,..; — x has a limited value. Thus, ;D12 (xref - x) and k,CS are finite. Also according
to (23), r is considered to be limited by §. Therefore, the term |kp5cref + k,CS — kpr + kl-Dl_)‘(xref -

x)| is bounded as,



|kpitres + kpCS — kyr + kDY (xrep — x)| < B, (35)

where f is a positive constant, then the proposed model is stable when,

-1
Yy = (kpBO) B (36)
V. Simulation results

To investigate the performance of the proposed control strategy, the simulation models have been
developed under Matlab/Simulink environment. The rated rms grid phase voltage is 120 V at 60 Hz, and
the nominal values of interfacing resistance and inductance are R, = 0.2Q and L, = 0.1 mH,
respectively. The dc-link voltage is set to 400 V and the switching frequency of the VSC is 10 kHz. The
control architecture of the overall DG interface is shown in Fig. 3.a. The reference active power is set to 3
kW.

The stability and dynamic response of the DG model will now be analyzed, and the effectiveness of the
designed controller will be evaluated and compared with conventional PI synchronous-frame current
controller to validate the proposed procedure.

To illustrate the effect of interfacing impedance variations on the current controller performance of a
VSC-based DG system, the interfacing resistance and inductance seen by the VSC (R and L) change from
[R=020Qand L =0.1mH]|to[R =0.5Qand L = 0.6 mH] at the instant t = 0.05 s in simulations.

The performance of the PI current controller under above mentioned condition is depicted in Fig. 4. As
can be seen, the current response cannot track the reference current properly when the interfacing
impedance changes, which is consequence of the nonrobust PI current controller. Tuning the PI gains can
bring the system into stability; however, it leads to degradation of disturbance rejection capability and
increase in steady-state tracking error.
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Fig. 4. Output current of VSC and its reference with conventional PI controller under interfacing
impedance variation at the instantt = 0.05s.

Fig. 5 shows the output current of the VSC and utility grid voltage with the proposed F,ASMC. It can be
observed that the current controller remains stable and injects high quality currents in phase with the



utility grid voltage when the interfacing impedance changes. From Fig. 5 the grid-connected power factor
is 1.
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Fig. 5. Output phase a current and grid voltage of the grid-connected DG unit with the proposed F,ASMC
under interfacing impedance variation at the instant t = 0.05 s.
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kW.
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Fig. 7. Harmonic spectra of phase a VSC output current, (a) conventional PI before impedance change,
(b) conventional PI after impedance change, (c) proposed F,ASMC before impedance change, (d)
proposed FrASMC after impedance change.



Fig. 6 illustrates voltage and current response of the grid-connected VSC with the proposed F.ASMC
under reference active power variations along with impedance variation at t = 0.05 s, where the reference
active power changes from 3 to 4.5 kW in subfigure (a) at the instant t = 0.04 s, and from 4.5 to 3 kW in
subfigure (b) at the instant t = 0.11 s. As can be observed from Fig. 6 using the proposed control method,
the grid-connected current follows the reference variation immediately and can be controlled in the stable
way to be in phase with the utility grid voltage (PF=1).

Fig. 7 shows harmonic spectra of phase a current response of conventional PI and proposed F.ASMC
before and after interfacing impedance change (with P, = 3 kW). As can be seen from Fig. 7.a, THD of
output current of the conventional PI current controller before impedance change is 1.08%. However, Fig.
7.b illustrates the THD after impedance change is 6.27% which does not meet the THD requirement of
the IEEE standard 1547 (that is below 5%) [33], furthermore, significant low order harmonics can be
observed in the harmonic spectra. As can be observed from Figs. 7.c and 7.d, THD of VSC output current
of proposed F,ASMC before and after impedance change are 0.96% and 1.12%, respectively, which
demonstrates the proposed controller successfully meets the standard requirement and has a better
performance than conventional PI.

VI. Conclusion

DG units are commonly integrated to the utility grid by VSCs for better controllability, reliability, and
efficiency. The VSC transfers the generated power to the utility grid using a current controller which has
the mission of injecting high quality currents. However, the stability of the current controller is often
destroyed by the variations on the interfacing impedance seen by the VSC, such that the system becomes
oscillatory or even unstable. In this paper, a F,ASMC has been proposed for integration of DG units to the
utility grid. A fractional sliding surface has been developed which represents the dynamic performance of
the system, then the proposed control technique has been designed in two phases; S = 0, when the system
states are on the surface and the active controller is designed, and S # 0, when the states are not on the
surface and a switching control law is developed to force the system states to reach the surface.
Furthermore, this paper has analyzed the stability issue of the controller and has determined the condition
in which the controller is stable. The main aim of the proposed current controller is to deliver the desired
power to the grid with low harmonic current, fast response, and high power factor while maintaining the
system insensitive to the interfacing impedance variations. To validate the performance of the proposed
F:ASMC, simulation verification results have been presented and compared with the conventional PI
current controller. The results show that high power-quality current injection is achieved with the
proposed FLASMC for integration of VSC-based DG units to the utility grid.
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