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Improved Synergetic Current Control for
Grid-connected Microgrids and Distributed
Generation Systems

A. Elnady, A. Noureldin, and A. A. Adam

Abstract—This paper presents the development of improved
synergetic current control for the injected current of an invert-
er in the grid-connected microgrid and the distributed genera-
tion system (DGS). This paper introduces new formulas of the
macro-variable functions for integral synergetic control (SC)
and integral fast terminal SC, which both have an integral
term to guarantee zero steady-state error. The proposed inte-
gral SC and integral fast terminal SC achieve a seamless perfor-
mance such as the fast convergence, minimal overshoot, zero
steady-state error, and chattering-free operation. To demon-
strate the meritorious performance of the proposed scheme for
injected current control, it is compared with the performance
of a proportional-integral (PI) controller and advanced exponen-
tial sliding mode control (SMC). Finally, the practicality of the
proposed scheme is justified by experimental results obtained
through rapid control prototyping (RCP) using the dSPACE-
SCALEXIO platform.

Index Terms—Integral synergetic control (SC), current con-
trol, integral fast terminal SC, advanced exponential sliding
mode control (SMC), proportional-integral (PI) control, mi-
crogrid, distributed generation system (DGS).

I. INTRODUCTION

HE distributed generation systems (DGSs) become a

new trend in electric power distribution systems be-
cause of the several merits associated with the existence of
DGSs [1], [2]. The DGS is a group of dispersed energy re-
sources (DESs) connected to the medium- and low-voltage
power systems. These DESs can be conventional or uncon-
ventional energy resources such as diesel engines, microtur-
bine-based generators, and renewable energy sources. Some
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of these energy resources require inverters for their energy
processing [3], so inverters become the core components in
the DGS or microgrid due to their vital role in processing
the output current, power, voltage, and frequency. These in-
verters require an operational scheme to control their outputs
based on the requirements of the DGS and microgrid.

The ultimate objective of DGS is to inject current and
power into the distribution system and feed local loads ac-
cording to their power requirements. This implies that the
DGS should operate in a constant-current or constant-power
mode, which is similar to the microgrid when it is connected
to the main power grid [4]. The operation of microgrid in
the grid-connected mode should be adjusted to enable the in-
verters to inject current and power into the main distribution
system. Under this condition, the regulation of voltage and
frequency is the responsibility of the main power grid [5].

This paper focuses on the current and power injected from
the DGS and microgrid into the main power grid. Thus, the
literature review focuses on different control techniques and
schemes for current control along with different controllers
related to the regulation of the injected current and power of
the DGS. Reference [6] investigates some control schemes
adopted to control the injected power of inverters in the
DGS [6]. The voltage orientation control (VOC) is devel-
oped to control the power using two current loops (direct
and quadrature current loops) through regular proportional-in-
tegral (PI) controllers [6]-[8]. However, the main drawback
is that the utilization of PI controllers does not provide its
best performance under different operation conditions. The
first-order sliding mode control (SMC) is developed and cou-
pled with power control to operate the DGS to regulate the
injected power in the grid-connected mode [6], [9]-[11], but
its main flaws are the chattering phenomenon and the moder-
ate dynamic performance. The second-order SMC based on
the super-twisting technique is developed to regulate the out-
put power of the DGS to minimize the power chattering [12]
and it provides slightly better results than the first-order
SMC presented in [9]. The direct power control (DPC)
scheme is adopted for the operation of DGSs, which pro-
vides a better performance with less chattering than SMC.
Moreover, it produces a better dynamic performance com-
pared with VOC, as proven in [6]. The adaptive control in
the form of a single-perceptron-based PI controller is inte-
grated with the DPC scheme to improve its transient perfor-
mance with different power references [13]. The perfor-
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mance of adaptive control for injected power is much better
than that of the regular PI controller for the DPC scheme.
The predictive control scheme is combined with DPC in
[14], [15]. The inaccuracy of the model and the uncertainties
of the system parameters are overcome by the prediction of
power and current as well as the online parameter of [14]. In
[15], the predictive control is also adopted to alleviate the
complexity of space vector modulation of the three-phase in-
verter, which is reflected in the reduction of harmonics. The
power tracking performance using predictive control shows
some oscillations [14] and a fast tracking performance [15].

The injected active power and reactive power are regulat-
ed in the constant-power or constant-current mode. The con-
stant-power mode is realized through the precise power con-
trol along with its direct measurements, i.e., a regular DPC
scheme. The constant-current mode is realized by regulating
the corresponding direct and quadrature current loops.

The research in this paper belongs to the constant-current
mode. Therefore, several important controllers of the current
control loops for power adjustment are surveyed. A propor-
tional-resonant (PR) controller is used for the current and
power regulation of inverter-based DGSs [16]. It has a good
current tracking performance, but it is sensitive to the fre-
quency variation. The optimal control is implemented in the
form of a linear quadratic regulator (LQR) to regulate the
current of inverter coupled with the power grid through an
LCL filter [17]. However, it is mathematically complicated
because it is coupled with Kalman filter to improve the qual-
ity of estimating the system states. The predictive controller
is also accompanied with the injected current of inverter in
the DGS [18] to precisely regulate its output current even
though this controller is sensitive to the uncertainties of sys-
tem parameters. The nonlinear current control with feedback
linearization is developed to achieve a unity power factor of
its injected power [19]. An H_ controller is used to regulate
the inverter to inject a sinusoidal current into the main pow-
er grid [20]. However, it has a relatively slow dynamic per-
formance. The repetitive current controller is implemented in
a parallel combination of resonant controllers with a high
gain at harmonics [21]. Therefore, it can well reject distur-
bances at harmonic frequencies and consequently maintain
the injected current and voltage at a high quality. The con-
ventional synergetic control (SC) is integrated with the cur-
rent loops in the d-g frame for the inverter connected to a
photovoltaic (PV) system [22], where the manifold function
is defined as the current error.

This paper presents the improved synergetic current con-
trol to regulate the injected current of inverter in the DGS or
microgrid connected to the main power grid. The contribu-
tions of this paper are focused on the following points.

1) The steady-state performance of the macro-variable
function is improved by replacing a differential term with an
integral term, i.e., integral macro-variable function.

2) Two developed control techniques, i.e., integral SC and
integral fast terminal SC, are implemented in a DGS or mi-
crogrid, which is a new application of SC.

3) The proposed integral SC and integral fast terminal SC,
nonlinear control (advanced exponential SMC), and linear
control (PI controller) are compared for the same application.

4) The practical implementation of the proposed scheme
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through rapid control prototyping (RCP) is conducted using
the dASPACE-SCALEXIO platform.

The remainder of this paper is organized as follows. Sec-
tion II details the model of DGS. Section III describes the
proposed control schemes along with the mathematical for-
mula. Section IV presents the simulation results. Section V
details the results obtained with an experimental setup. Sec-
tion VI summarizes the technical outcomes.

II. MoODEL OF DGS

The control scheme is proposed for a DGS or microgrid
in the grid-connected mode. The parameters of this power
system are listed in Table I. For the sake of simplicity, a
DGS is considered in this paper. As shown in Fig. 1, this
DGS connected to a distribution system contains a multilev-
el inverter, and some local loads are connected to the point
of common coupling (PCC).

TABLE I
PARAMETERS OF POWER SYSTEM

Parameter Value
Rated phase voltage V¢ (V) 110
Resistance of feeder R (Q) 1
Inductance of feeder L (mH) 1.6
Impedance of load Z, (Q) 200+j21.98
Frequency of simulation (kHZ) 20
Carrier frequency for PD-PWM (kHZ) 2
DC voltage (V) 400
Inductance of inverter L, (mH) 20
Conductor of inverter Cy, . (UF) 25
Vicea (V) 155
VPCC_q V) 0

The system voltage is set to be 110 V, which is particular-
ly chosen to match the simulation and experimental results.

The adopted inverter is a five-level diode-clamped invert-
er that minimizes the injected harmonics and eases its filter
design. Therefore, the voltage of the inverter bus E is very
close to a sinusoidal waveform. The adopted switching mod-
ulation is phase-disposition pulse-width modulation (PD-
PWM), which perfectly fits the operation of this five-level
inverter. The detailed operation and structure of the inverter
topology as well as its switching modulation, operability,
and control are detailed in [23].

The contribution of this paper is exemplified by the devel-
oped control law block in Fig. 1, whose input and output are
the current error e and expected output voltage u, respective-
ly. The output voltage u represents the required injected volt-
ages E, and it is almost sinusoid because of the adopted to-
pology of the inverter. In Fig. 1, V. is the nominal voltage
at PCC of the distribution system; /I, is the current injected
from the DGS; P and Q are the active and reactive power,
respectively; /, and /, are the d- and g-axis injected currents
from the DGS, respectively; the subscript ref represents the
reference values; the subscripts a, b, and c¢ represent phases
a, b, and c, respectively; and the subscripts d and ¢ represent
the d- and g-axis values, respectively.
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Fig. 1. Topology of power system with proposed SC schemes.

III. PROPOSED CONTROL SCHEMES

This section presents the proposed control schemes and
makes comparison between the proposed controller and oth-
er controllers.

A. Integral SC

SC is state space based nonlinear control for high-dimen-
sional systems, which is first proposed in [24] and limited to
some specific applications such as DC choppers [25], [26].
Recently, the conventional SC is applied to microgrid appli-
cations [22], [27]. SC is analogous to SMC, and it shares
certain characteristics of SMC such as a reduction in the sys-
tem order and intrinsic decoupling among system states.
However, it outperforms SMC in terms of the reduced num-
ber of controller parameters, reduced chattering, and full con-
trollability of the reaching mode. The main objective of the
SC is to direct the system states to a certain manifold, i.e.,
sliding manifold. The macro-variable function is determined
based on the system modeling and control objectives, and it
is mainly a mathematical combination of state variables or
state errors. The dynamic evolution of a macro-variable to
the suggested manifold is defined as:

Ty +p(y)=0
g %’x )

where T is a positive definite matrix defined as T=

T, 0 . .
[ 0’” ], which determines the convergence rate of the
Iq

(1) or (13)) i

macro-variable to the specific manifold, and T}, and T, are
the convergence rates of /, and /,, respectively; x is the er-
ror of state variables compared with their reference values;
and @(y) is the smooth function defined in [27]. The conven-

tional macro-variable of SC is defined as [22], [24]-[27]:
w(x)=x+x or y(x)=x )
In [28] and [29], the terminal sliding manifold of SC is in-
troduced and defined as:

w(x)=/xt+x 0< % <1 3)

where A is a real constant number; and parameters a and b
are odd numbers satisfying 0 <a/b < 1. The addition of a non-
linear term /x” to the conventional macro-variable improves
the transient performance of the reaching mode and the ro-
bustness, as proven in [30], and the terminal SC becomes a
necessary requirement, especially when the initial states are
away from their suggested sliding manifold w(x)=0. Anoth-
er version of the macro-variable formula with a better con-
vergence is proposed and defined as [31]:

w(x)=24,x" +2,x+x “)
where 4, and 4, are the diagonal matrices with positive val-
ues defined as 4,= [i"’ 0 ] and 4,= sz’ 0 }; and x can

0 4, 0 Ay,

be commonly expressed as the error of state variables, i.e.,
x=e, and its formula has a fast convergence (¢=-/1,e) when
the error trajectory is away from the suggested manifold
w(x)=0.
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The injected current (or power) of the inverter is con-
trolled to meet the requirements of the distribution system,
where the microgrid or DGS is connected. The active power
and reactive power in the d-g frame are expressed as:

o35 AT

The current references /., and I, are obtained from the

power references, which are expressed as:

|:Ircf,d:| — %l:Ed Eq :|l|:Pref:|
[ref,q 3 Eq _Ed Qrcf

The voltage-current state-space relationship is expressed

)

(6)

as:
R o,
1, _ L @ I, N L E, +
il R||I 1||E
q —w ——|L% 0o — q
L L L L
F E
—— 0 |y T
L N S =Ax,+Bu+Fd (7)
O _l VPCCA,L]_
L L]
—% w % 0 —% 0
where A= ; B= ; F= s u=
R 1 1
o 7 O 7 o -z

T T
[Ed Eq] ; d= [VPCC,d VPCC,q] ; and x,=[lpg, ]DG,q]T- The
vector d represented by Vi, and Vyec, is constant, and the
error vector e is defined as:
e:[ed eq]T
e,=1;— 1 4

eq:Iq—I

ref,q

®)
é,=I,.6,=1,=é,=%=Ax,+Bu+Fd

The error formula in (8) is substituted into a macro-vari-
able function to derive the required control law. The main
drawback of the conventional macro-variable function is its
susceptibility to a nonzero steady-state error, as stated in
[27] for the active and reactive power of a PV system and
[32] for the current in a DC boost circuit.

In this paper, the idea of minimizing the steady-state error
is deduced from the same concept applied to SMC, as stated
in [33]. SC is not widely used for inverter control in the mi-
crogrid applications [22], [27]. As mentioned above, the con-
ventional SC may be associated with some nonzero errors.
Recently, the integral SC is formulated to directly control
the injected power of inverters in the DGS [34]. In this pa-
per, the integral SC is suggested to control the injected cur-
rent of the inverter and eliminate the current errors, and its
macro-variable function for the current errors in the d-g
frame is expressed in a matrix form as:

w(e)=A,e+ 1, [ eds )

T
where fedt: Ueddt feth] . This formula is then substi-

tuted into the dynamic evolution function of (1), which
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yields.
T(h,é+Ay0)+detd, [ edr =0
(10)

The control law is deduced in (11), which gives the re-
T

Th,é+(Th, +1, e+ 1, | edr =0

quired injected voltages of the inverter, i.c., u=[E, E,]
T/llé+(T,12+21)e+lzfedt =0=>

(Til)’1[—(T12+il)e—22fedt]=é (11)

where é=x,=Ax,+ Bu + Fd = Bu =—(T2, )"[(T)y2 +2,)e+
zzfedt] —Ax,—~ Fd= u:—zrl{(n1 )*'[(nzul e +22fedt} N

Ax,+Fd}.

The voltages are injected to make the output currents 7,
and [, follow their references. The stability of the proposed
integral SC is illustrated in Appendix A Section A.

B. Integral fast Terminal SC

The terminal SC greatly forces the system states to con-
verge to zero in a finite time [28]-[30] and consequently re-
duces its reaching time. The terminal SC in [28]-[30] is im-
proved by the proposed fast terminal SC in [35]. This im-
provement is achieved by adding an error term to the mani-
fold function to guarantee finite-time convergence to the de-
sired manifold. As proven in [34] and [35], the fast terminal
SC has a faster transient performance than the terminal SC.
In this paper, the proposed macro-variable function of inte-
gral fast terminal SC is expressed as:

W(e)=2,eb + 1y e+ 1, edr (12)

where 4,= [/18" /10 ] is a positive definite matrix.
3q

A stability analysis of (12) is detailed in Appendix A Sec-
tion B. The control law is expressed as (13), which produces
the reference value of the injected voltages u.

a

Ty + w:Tz%eh Thi,e+ T/13e+,1,e3+,12e+13fedt:0:>

e':(mz)-'[—

T,l,(cllt+2l)eb—(T23+lz)e—13fedt] (13)

d

where ézx,:Ax,+Bu+Fd:>Bu:(le)'[—(Ti — 4+, |et—

Lde

(Ths+h, e—2s f edt] —Ax~Fd=>u=B"' { (Th,)"! [( A, % +A, )eﬂ

(Tl3+iz)e+/13fedt} T+ Ax,+ Fd JL

C. Power-rate Exponential SMC

This subsection compares the proposed control scheme
with a strong robust nonlinear control, which is the ad-
vanced power-rate exponential SMC detailed in [36]. The
SMC presented in this paper is based on the concept of ex-
ponential SMC, of which the control law is defined by two
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terms as [37]:
u= ueq + udiscrete (14)
where ., and u, are the discrete and equivalent terms,
respectively.
The discrete term u,,,, and its sliding manifold are de-
fined in [36] for each state variable as:
sign(s)

udiscrete = m
ot ( 0)e (15)

d
s=le+ ae

where a, p, d,, 4, and k are strictly positive, and J,<1. The
value of u,,,, ranges from almost —k/d, with large s to al-
most —k with small s. The stability of the advanced exponen-
tial SMC is detailed in [36] and [37]. The discrete term is
modified by multiplying a power-rate term |s|" to the dis-
crete input u .. in (15), and the constant 4 is a positive re-
al number less than one [36]. The employed discrete term is
expressed as:
—k 1‘ S |#
diseree = tanh(k,s)
So+(1 =3y )e !

where k, and k, are the real positive numbers.

The sliding surface s for all state variables e is defined as

(16)

s:2{e+l§fedt, where 4] and 4] are the real positive diago-

nal matrices.

The stability of the discrete term in (16) is thoroughly doc-
umented in [36]. The performance of power-rate exponential
SMC is faster than that of conventional exponential SMC in
terms of the time required for its reaching mode.

The vector of equivalent term u,, is derived from Lyapu-
nov equation, which is expressed as:
dV(s) ds _

ds dr
s=ie+ie=0,¢e,=1;,~1,e,=1,,~1,=

e=—x,=>$=-A)(Ax;+Bu,+ Fd)+i,e=0=
u,,=—(AB)"' (Ax,+ Fd—2}e)

V(s)= %sTs, V(s)= sTs<0=>

(17)

The discrete and equivalent terms are mathematically de-
fined in (16) and (17), respectively. The final control law for
all state variables in the vector from is defined as:

_kl | s ‘ﬂ 1

u=——————tanh(k,s)(A| B)" (Ax,+ Fd—2je) (18)

do+(1—8,)e

Eventually, the control law in (18) can be adopted to pro-
duce the required injected voltages of inverter u=[E, FE q]T.

D. Pl-controller-based Current Control

A regular PI controller is the most commonly used be-
cause it does not require any state-space formulation or pow-
er system modeling. However, the PI controller cannot direct-
ly replace the control block of SC in Fig. 1. Thus, to incor-
porate PI controllers, the scheme in Fig. 2 replaces the entire
control scheme in Fig. 1 and it has already been deduced
from the model given in (7). The rest of the power system
in Fig. 1 remains the same.
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Fig. 2. Pl-controller-based control scheme.

IV. SIMULATION RESULTS

This section is divided into six different subsections,
which present the simulation results with different control-
lers and the utilization of the suggested control scheme with
two inverters in the studied system. The simulations are con-
ducted under the same conditions with the same power refer-
ences and loads as listed in Table I for all presented control-
lers. The values of the controller parameters are selected by
trials and errors. Many trials are conducted to achieve the
best performance for each controller presented in these sub-
sections.

A. Simulation Results for Pl-controller-based Current Con-
trol

In this subsection, the control scheme in Fig. 2 is adopted.
The parameters of PI controllers are set as k,=0.00625 and
k,=0.855 for the direct current loop and k,=0.0125 and k,=
0.3375 for the quadrature current loop. The power tracking
performances of PI controller and power-rate exponential
SMC are shown in Fig. 3, where Exp-SMC represents pow-
er-rate exponential SMC, PI represents PI controller, and Ref
represents the reference signals. It can be observed that a
regular PI controller does not provide its best performance
under different operation conditions. Therefore, the transient
performance and steady-state performance in terms of over-
shoot and error change from one operation to another.

B. Simulation Results for Power-rate Exponential SMC

In this subsection, the derived control law in (18) is adopt-
ed. This derived control law is used to produce the control
signal required to operate the switching modulation of the
adopted inverter, i.e., PD-PWM. The parameters of this con-
troller for the best performance are listed in Table II. As
shown in Fig. 3, the power tracking performance of power-
rate exponential SMC shows a drastic improvement in the
transient performance compared with the PI controller, and
the integral sliding manifold helps minimize the steady-state
error. Further, the chattering problem is drastically reduced
by using power-rate exponential SMC, as expected and prov-
en in [36], [37].
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Fig. 3. Power tracking performances of PI controller and power-rate expo-

nential SMC. (a) Active power. (b) Reactive power.

TABLE 11
PARAMETERS OF POWER-RATE EXPONENTIAL SMC

d-axis parameter g-axis parameter

21=0.00125 27=0.00125
23=0.63 2y=1.54
k, =250 k, =350
k,=0.01 k,=0.01
0,=0.05 9,=0.05
©=0.95 ©=0.97
p=0.25 p=0.25
a=0.04 a=0.04

C. Simulation Results for Integral SC

The integral SC is presented in Section III along with its
control law in (11). The parameters of this control scheme
are listed in Table III. As shown in Fig. 4, the power track-
ing performance of integral SC is very close to that of pow-
er-rate exponential SMC in terms of the 1% overshoot and
steady-state error, but the suggested integral SC is slightly
faster than SMC.

TABLE III
PARAMETERS FOR INTEGRAL SC

d-axis parameter g-axis parameter

=1 h,=15
2,,=2.5 y,=1
T,=0.000065 7,=0.0001

At the instants of transition for any power reference, the
direction of the power spike for SC is opposite to that for
SMC because of the error definition and its sign. The power-
rate exponential SMC defines the current reference minus
the current feedback as the current error, as shown in (17),
whereas the integral SC defines the current feedback minus
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the current reference as the current error, as shown in (8).
This justifies the opposite direction of the power spikes (at
t=10, 20, 30, and 40 s), as shown in Fig. 4.

—Ref
1000 ¢ Exp-SMC
800 | — Integral SC
z 600
& 400 - \
v

200 (—

0 5 10 15 20 25 30 35 40 45 50

Time (s)
(a)
600
400 {
~ 200 L V
£ of Ref
—Re
S 200 ¢ Exp-SMC
400 | — Integral SC
-600 | - - - - - - - - -
10 15 20 25 30 35 40 45 50
Time (s)
(b)
Fig. 4. Power tracking performances of power-rate exponential SMC and

integral SC. (a) Active power. (b) Reactive power.

The advantage of integral SC is exemplified in its simplic-
ity compared with the proposed SMC, as clarified by the
number of tuned controller parameters shown in Tables II
and III. Further, it is almost chattering-free compared with
the proposed reduced-chattering SMC in this paper.

D. Simulation Results for Integral Fast Terminal SC

The control law of integral fast terminal SC is presented
in Section III. The parameters of the control scheme shown
in Fig. 1 are listed in Table IV. The current tracking perfor-
mance of integral fast terminal SC is illustrated in Fig. 5(a)
and (b), while the power tracking performance of integral
fast terminal SC is depicted in Fig. 5(c) and (d) in compari-
son with that of the integral SC.

TABLE IV
PARAMETERS OF INTEGRAL FAST TERMINAL SC

d-axis parameter g-axis parameter

A,=1 2 =1
2y =2.5 g =1
7,=0.000085 7,=0.0001
A3, =5 23, =5
a=17 a=17
b=9 b=9

The intrinsic decoupling between the active power and re-
active power is clarified when the active power and reactive
power change at ¢=10,20,30,and40s. The power perfor-
mance is obtained from the current loop, which provides a
seamless performance for /, and /,, as shown in Fig. 5(a)

and (b).
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(d)

Fig. 5. Currents and power tracking performances of integral fast terminal
SC and integral SC. (a) d-axis currents. (b) g-axis currents. (c) Active pow-
er. (d) Reactive power.

E. Comparative Theoretical Analysis of Different Controllers

The merits of integral fast terminal SC have been already
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articulated in terms of its speed and intrinsic decoupling be-
tween system states, as shown in Fig. 5. The transient power
tracking performances of the proposed integral fast terminal
SC compared with other controllers are illustrated in Fig. 6.
A quantitative comparative analysis of the waveforms in Fig. 6
is presented in Table V. It is worth mentioning that the follow-
ing conclusions can be drawn from the comparative analysis.

500
400
300 W
~ 200
£ 100} — Ref
S — Integral SC
100 — Integral fast terminal SC
Beed| PI
-200} — Exp-SMC
-300 : : : : : /
0 0.2 0.4 0.6 0.8 1.0 1.2
Time (s)
(a)
300
200
§ 100} " Ref
S0 / — Integral SC
/ — Integral fast terminal SC
-100} \/ PI
— Exp-SMC
-200 : : : : : /
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (s)
(b)
Fig. 6. Transient performances of integral fast terminal SC, integral SC,

power-rate exponential SMC, and PI controller. (a) Active power. (b) Reac-
tive power.

1) The power-rate exponential SMC is much better than
the PI controller from the overshoot perspective. More im-
portantly, the chattering of the proposed SMC is minimal, as
illustrated in Fig. 3(a) and (b), and both controllers have al-
most zero steady-state error.

2) The integral SC has an advantage over the proposed
SMC in terms of the overshoot, settling time, and chattering,
as illustrated in Fig. 4.

3) The integral fast terminal SC is slightly faster than inte-
gral SC, which means that the system states reach their slid-
ing trajectory faster than integral SC, and both controllers
have almost zero error, as depicted in Fig. 6(a) and (b) for
the active power and reactive power, respectively.

TABLE V
THEORETICAL QUANTITATIVE COMPARISON OF INTEGRAL FAST TERMINAL SC, INTEGRAL SC, AND POWER-RATE EXPONENTIAL SMC

Performance Controller The 1* overshoot (%) Transient time (s) Error Chattering

Integral fast

terminal SC 0 0.3 0 Free

Active power Integral SC 0 0.6 0 Free
Power-rate

exponential SMC >0 0.8 0 Small
Integral fast

terminal SC 5 0.4 0 Free

Reactive power Integral SC 15 0.8 0 Free

Power-rate 0 1.0 0 Small

exponential SMC
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F. Control Scheme for Parallel Inverters

The proposed SC scheme in Fig. 1 is modular because it is
separately implemented on each inverter in the same DGS or
microgrid. Each inverter should have its own control scheme
and parameters. Based on the power system in Fig. 1, another
inverter with its own control scheme is added in parallel to the
first inverter, such that both inverters are connected in parallel
at the PCC in Fig. 1. The injected currents /,,, 1, 1,,, 1,, with

I for both inverters are

their references 1, ;15 Lig oo 1, ref g2

ref,ql°
shown in Fig. 7(a) and (b) for the d- and g-axis currents, re-
spectively. The generated active and reactive power
P, P,, O,, O, with their references P, Prr Orprr Orern

of both inverters are shown in Fig. 7(c) and (d), respectively.

5. - Iref, dl
— 1y
4
3 1ref,d2
~ T — 1
< 5l I &°
= I |
~ 1 T
0
0 5 10 15 20 25 30 35 40 45 50
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(a)
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— 1
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1 Iref, q2
0 7 IqZ
< |
:;-1 1 |
2l 1
3t
0 5 10 15 20 25 30 35 40 45 50
Time (s)
(b)

1200 P,
1000} *Ii !
= 800’ Pref,Z

— 5
£ 600} A
400 f A
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700} —— — 0
600} Oret 2
T 500t —0,
2 400 |
Qi 300 §
200 L v
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(d)
Fig. 7. Currents and power tracking performances for two parallel invert-

ers. (a) d-axis currents. (b) g-axis currents. (c¢) Active power. (d) Reactive
power.
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The tracking performance in Fig. 7 is very similar to that
in Fig. 5, indicating that the operation of the proposed SC
schemes does not degrade with the parallel operation of the
inverters. The circulating current is minimal because each in-
verter is operated in a constant-current mode.

V. EXPERIMENTAL RESULTS

This section presents the experimental results for the con-
trollers mentioned in Section IV. This section contains three
subsections detailing the experimental setup along with the
results for all different controllers and a comparative analy-
sis among them.

A. Experimental Setup

The experimental prototype is similar to the DGS present-
ed in Fig. 1, where the SC scheme is implemented on the
dSPACE platform to realize RCP. The adopted experimental
setup is given in Appendix B Fig. B1, which shows the ad-
opted inverter topology, the passive filter, the tie feeder, the
loads, the transformer connected to power grid, and the
dSPACE platform along with its interface circuits. The pa-
rameters of the experimental setup are given in Table I, ex-
cept that the sampling frequency is 10 kHz, the carrier fre-
quency for PD-PWM is 1.25 kHz (avoiding possible over-
runs), and the transition of a power reference is conducted
every 8 s. The RCP is implemented such that the proposed
control scheme in Fig. 1 is executed on the dSPACE plat-
form using Simulink. Then, the dSPACE platform generates
control signals, which are received by the switching modula-
tion circuit PD-PWM located outside the dSPACE. The pow-
er is calculated in the dSPACE and dispatched as an attenuat-
ed analog voltage signal to an oscilloscope with a channel
setting of 100 W/div or 100 var/div to present the power
tracking performance of different controllers.

B. Experimental Results for Different Controllers

In this subsection, the experimental results are presented
for different controllers.
1) PI Controller

The control scheme shown in Fig. 2 is executed on the
dSPACE platform. The performance of PI controllers whose
parameters are given in Section IV is shown in Fig. 8(a) and
(b) for the active power and reactive power, respectively,
with their power references. The main features of the PI-con-
troller-based control scheme are summarized as follows.

1) There is no consistency in its performance during dif-
ferent transitions.

2) The overshoot is the minimum, as shown at t=24s and
t=32s in Fig. 8(b).

3) The coupling between the active power loop and the re-
active power loop is considerable, as shown in the power
transitions at /=8 s and r=16s in Fig. 8(b).

2) Power-rate Exponential SMC

The power-rate exponential SMC is applied to the
dSPACE platform. The controller parameters are similar to
those listed in Table II. As shown in Fig. 8, the performance
of power-rate exponential SMC is drastically improved com-
pared with that of the PI controller.
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Fig. 8. Experimental results for power-rate exponential SMC and PI controller. (a) Active power. (b) Reactive power.

3) Proposed SCs on the dSPACE platform, respectively. The power tracking
The integral SC and integral fast terminal SC in Fig. 1 performances of integral SC and integral fast terminal SC
along with their control laws in (11) and (13) are carried out are shown in Figs. 9 and 10, respectively.
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Fig. 9. Experimental results for current and power tracking of integral SC. (a) d-axis currents. (b) g-axis currents. (c) Active power. (d) Reactive power.
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Fig. 10. Experimental results for current and power tracking of integral fast terminal SC. (a) d-axis currents. (b) g-axis currents. (c) Active power.(d) Reac-
tive power.
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The effects of integral SC on the d- and g-axis currents
are shown in Fig. 9(a) and (b), respectively. The accurate
current performance is reflected in the power tracking perfor-
mance in Fig. 9(c) and (d) for active power and reactive
power, respectively.

Similarly, the advantageous performance of integral fast ter-
minal SC is illustrated in Fig. 10, where the system states
reach the sliding manifold, as defined in (12), slightly faster
than integral SC. The fast performance of integral fast terminal
SC is quantified by certain indices, as explained in the Section
V-C.

The current tracking performance of integral fast terminal
SC is depicted in Fig. 10(a) and (b) for the d- and g-axis
currents, respectively. The power tracking performance of in-
tegral fast terminal SC is shown in Fig. 10(c) and (d) for the
active power and reactive power, respectively.

C. Comparative Experimental Analysis Among Different
Controllers

A comparison between the suggested SCs, i.e., integral SC
and integral fast terminal SC, and the power-rate exponential
SMC is shown in Fig. 11(a) and (b) for the active power
and reactive power, respectively. For an accurate compari-
son, the performance of all controllers in Fig. 11 is numeri-
cally quantified in Table VI.
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Fig. 11. Experimental results for transient performances of integral fast ter-
minal SC, integral SC, and power-rate exponential SMC. (a) Active power.
(b) Reactive power.

TABLE VI
EXPERIMENTAL QUANTITATIVE COMPARISON OF INTEGRAL FAST TERMINAL SC, INTEGRAL SC, AND POWER-RATE EXPONENTIAL SMC

Performance Controller The 1* over shoot (%) Transient time (s) Error Chattering

Integral fast

terminal SC 0 0.5 0 Free

Active power Integral SC 5 0.9 0 Free
Power-rate

exponential SMC 2 0.8 0 Small
Integral fast

terminal SC 15 0.5 0 Free

Reactive power Integral SC 50 0.8 0 Free
Power-rate

exponential SMC 100 1.4 0 Small

VI. CONCLUSION APPENDIX A

This paper presents an effective control scheme for the in-
jected current of the inverters in DGSs or microgrids. The
proposed control scheme is based on two proposed versions
of SC. The first version is integral SC, and the second is in-
tegral fast terminal SC. The macro-variable functions of both
versions have an integral term to guarantee zero steady-state
error. The simulation results demonstrate that the integral
fast terminal SC is slightly faster than integral SC.More im-
portantly, the comparison results demonstrate that the pro-
posed SC schemes are chattering-free with fewer controller
parameters for tuning and a better dynamic performance of
the injected currents. The experimental results validate the
superior performance of the proposed SC schemes compared
with power-rate exponential SMC considering the chattering
and dynamic performances.

A. Stability Proof of Integral SC

This proof starts with defining its Lyapunov equation as Eu-
clidean norm of macro-variable function, which is given as:

V)= 51 (€)= 5 v(ew(e) (A1)

where y? (e)>0.
Considering the marco-variable function defined as in (9),
the derivative of the Lyapunov equation is written as:

V()= w(eyine) (A2)
V)= p(eXd i+ ne) )
x,=e
V)= w(e)i %, +ir0) (A4)
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Substituting x from its definition in (7) leads to:

V)=w(@)][ 4, (Ax,+Bu+ Fd)+ e (A5)

Substituting # of (11) in (AS) and simplifying the resultant
equations leads to:

V=wl(e)d, Ax,+1,B{—B" (T4,)" [(le +2,)e+1, f e dt] +

Ax,+Fdy +2, Fd+A,e=

V=wl(e) (/11Ax,—/llBB-Iz;lT-szze—,zlBB-lz;lT-'zle—zl .

BB 4T 1, [ edr —11BB“Ax,—llBB“Fdile+lze)
(A6)
where T and T' are the positive definite diagonal matrices,
and T7'>0.

After some mathematical simplifications, (A6) is rewritten
as:

V(y/):y/(e)(—T’llle— T'2,[ edt) (A7)
V)= pe-T )| 2,042, et (A%
Vw)=—w(e)T 'y(e)
Vy)=—T "y (e) (A9)

Vy)<0

The time derivative of Lyapunov equation V() in (A9) is
always negative, then the system with the suggested scheme is
stable for all values of w(e).

B. Stability Proof of Integral Fast Terminal SC
The Lypunouv function for the integral fast terminal SC is

defined as:

V)= 51 (©)= 3 y(Ew(e) (A10)

Considering the marco-varibale function as defined in
(12), the derivative of the Lyapunov equation is written as:

V(w)=y(eyie) (A11)

y d 4 . . d a
Vy)=y(e) ilaeb+lze+23e :V(W):W(e)[lldteb+

2y (Ax,+Bu+Fd)+/13e} (A12)
where x,=e¢.
Substituting u of (13) in (A12) yields:

P

V=y(e) ,1,ieq+22Ax,+22Fd+13e—lzB{B1((T,12)1-

((n]i +l,)eb+(T23+lz)e) 4, [ edt | + Ax,+ Fd

(A13)
Based on some mathematical simplifications, (A13) is re-

Fig. BI.

written as:

V=uyl(e) (,1]ieb+12Ax+/led+23e—/lzBB122‘T‘T,1] -

d ¢ i1, o -
aeb—,lzlﬂf '2,'T"' 2" —2,BB' ;' T"' Th,e—

2,BB 1T Jye~1,BB 1, T4, [ edt -

2,BB' Ax,— lzBBle) (A14)

The simplification of (A14) leads to:

V(gy):.,/(e)(—r‘)(11e2+,12e+,13fedt) (A15)

V) =—w(T ' ye)
Vi)=—T"y*(e)

Vy)<0

Then the system with its suggested scheme is always

(A16)

stable for all values of y/(e).

APPENDIX B
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