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ABSTRACT A novel hybrid control strategy for energy storage (ES) is applied in accordance to the
recommendations by the IEEE Std. 1676. The strategy mainly consists of the model predictive controller
(MPC), two-degree of freedom algorithm and modified droop control. In inverter control layer, MPC and
two-degree of freedom algorithm are adopted to construct a generalized controller to enable ES operate
in microgrid grid-connected and islanded operation modes with a single control structure, motivating the
smooth transition between microgrid operating modes. And MPC and two-degree of freedom algorithm
are used in the control layer’s current inner loop and voltage outer loop, respectively. Comparing with the
traditional double loop control from the perspective of structure, with the novel strategy the control layer’s
current inner loop is without pulse width modulation (PWM) and only a single proportional-integral (PI)
controller is applied in its voltage outer loop, so that ES’s robust performance can be enhanced. And
because of the high frequency inverter’s equivalent transfer function with the smaller time constant,
MPC’s transfer function approximated as being unitary. Therefore, when the two-degree of freedom
algorithm construct the inverse model for the controlled object in control layer’s voltage outer loop, from
the application layer perspective, the control layer can be recognized as unity gain. Thus, the control layer’s
harmful disturbances associated with the operation mode transitions can be removed. In the application
layer, through adding decoupling inductance and introducing microgrid’s voltage and angular frequency
feedforward compensations to carry out PQ and modified droop controls, the grid-connected and island
control targets of ES application layer can be realized. In particular, when microgrid operation mode is
switched to island, with the help of modified droop control, microgrid’s voltage and frequency can be quickly
restored to standard values. Through the theoretical derivation and simulation results, it can be proved that
under microgrid’s plan or non-plan operation mode switching, the proposed method can not only can not
only implement the microgrid smooth switching, but also strengthen its transient performance.

INDEX TERMS Model predictive controllers, two-degree of freedom, smooth transition, decoupling
inductance, feedforward compensation.

I. INTRODUCTION
Microgrid can reduce the negative impacts from intermittent
distributed generations (DGs) on power distribution network,
and maximize DGs’ utilization efficiency [1]–[3]. Therefore,
microgrid has been widely concerned by the academic com-
munity. By adopting the distributed generation technology,
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microgrid can operate in grid-connected operation and
islanded operation mode [4]. ES as microgrid core equipment
can not only help microgrid suppress DGs’ power fluctuation
and realize peak load regulation of electric power system, but
also provide short-term power supply and maintain micro-
grid’s voltage and frequency stability. In addition, comparing
with other types of power supply (such as diesel engines and
microturbines), ES has more flexible and convenient control
effects [4]–[7]. Accordingly, ES is the key to realize the
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seamless switching of microgrid. At present, the researches
about ES technology for achieving microgrid’s seamless
switching mainly include two aspects [8], [9].

1. How to quickly suppress the microgrid’s voltage and
frequency fluctuations, especially in the microgrid
operation mode switching process;

2. How to eliminate or reduce the influence of harm-
ful perturbations (contained in grid system voltage,
inverter output current, etc.) on ES control system’s
transient performances.

To solve the first problem, the pre-synchronization
technology [10], the adaptive phase-locked loop (PLL)
[11], [12] and the modified droop control [13] are adopted.
They are through amending the input voltage, frequency
and other reference signals of ES control system to achieve
microgrid seamless switching. Nevertheless, these methods
ignore that the harmful disturbances which are caused by
the connection line between microgrid and main network
quickly being cut off or connected are injected into the ES’s
control system. And then they can cause microgrid’s voltage
distortion and grid-connected inverter overcurrent. Therefore,
it is necessary to propose some related control methods to
weaken or eliminate the harmful perturbation influences,
so as to achieve microgrid smooth switching.

To solve the second problem, the domestic and for-
eign scholars also have proposed relevant methods.
In [14] and [15], a feedforward signal of system voltage has
been introduced into control layer to eliminate the harmful
perturbation’s influences on the output current of micro
source. In [16]–[19], through PR and quasi-PR controllers,
the voltage harmonics of the current source’s control system
can be filtered. In [20], based on load current feedforward
control, a modified voltage controller has been adopted to
improve the suppression ability of the harmful disturbances.
Although the abovemethods can inhibit the harmful perturba-
tions to a certain extent, eliminating the harmful perturbations
completely was not possible. A generalized control algorithm
for parallel inverters of DGs has been proposed to eliminate
the harmful perturbations in [9]. However, because of the
DGs’ output power cannot be adjusted at will, under the
practical circumstance, microgrid’s seamless switching may
be not realized. In addition, ES’s robust performance in
various fault conditions were not discussed in this paper.
For enhancing the inverter’s robust performance, a nonlinear
sliding-mode voltage controller was developed to realize
microgrid seamless transition in [21]. And in [20] and [22],
A simple voltage controller with internal model control was
developed. Similar to these approaches, the internal model
controller replaced the traditional PI regulator to enhance
the dynamic performance of the control system in [23].
In [24] and [25], a microgrid stabilizer using the adaptive
backstepping technique is developed to guarantee robust-
ness against unmodeled dynamics in microgrid transition.
Although the inverter’s robust performances were enhanced,
the suppression ability improvement about the harmful
disturbances was ignored. Therefore, under the microgrid

FIGURE 1. Hierarchical control structure of distributed power interface
inverter.

switching process, it is necessary to design a controller
with robustness, flexibility and a simple control structure to
eliminate the harmful disturbance influences on ES control
system and to ensure the control variable to track its input
reference, rapidly and accurately.

Based on inverter’s hierarchical control structure, a novel
hybrid control strategy for ES is proposed to realize micro-
grid seamless switching. In inverter’s control layer, through
the model predictive controllers and two-degree of freedom
algorithm, the strategy enables the control layer of ES inverter
operate in all microgrid operation modes with a single control
structure. And under microgrid’s operation mode switching
process, owing to the transfer function unitization charac-
teristic of the control layer, the harmful perturbation influ-
ences on ES control system can be eliminated, promoting
the microgrid seamless transition. In addition, the model
predictive controller can alsomake the control layer reduce its
PWM module. And there is only with single proportional-
integral (PI) controller in control layer, so that the
dynamic performances of control system can be significantly
enhanced. In the application layer, through adding decoupling
inductance and introducing microgrid voltage and angular
frequency feedforward compensation to carry out PQ and
modified droop controls, the smooth transition of microgrid’s
voltage and frequency can be realized when microgrid’s
operation modes switching is performed. Finally, simulation
studies are also presented to validate the effectiveness of the
proposed control strategy.

II. TRADITIONAL CONTROL STRATEGY OF ES
GRID-CONNECTED INVERTER
According to the IEEE Std. 1676, the different functions
within the control structure of ES inverter can be organized in
different layers (namely, control layer, application layer and
hardware layer, as shown in Fig.1 [26]). The control layer
hosts the proposed multiloop controllers, which is designed
to be compatible with all operating modes and to allow for
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FIGURE 2. Current double closed-loop control with LCL type filter (a) structure diagram (b) control block diagram.

flexible seamless transition between them. The application
control layer generates a specific reference for the control
system of ES inverter according to the chosen microgrid
operationmode. The functions of the hardware layer can refer
to the IEEE Std. 1676.

A. TRADITIONAL CONTROL MODE OF CURRENT SOURCE
AND VOLTAGE SOURCE
According to the reference signal provided by the applica-
tion layer, the control modes of the control layer can be
divided into current and voltage source. Referring to [27]
and [28], Fig.2 and Fig.3 show the structure and control block
diagrams of traditional current double closed-loop control
and traditional voltage/current double closed-loop control,
respectively. From Fig.2 (b), ig can be expressed as [27]:

ig =
G1(s)

1+ G1(s)
1

Hi_g
ig_ref −

Gs2(s)
1+ G1(s)

up (1)

Here

G1(s)=Hi_gGs1(s)Gs2(s)

Gs1(s)=
Gi1Gi2GinvZC

Zin+ZC+Hi_cGi2Ginv

Gs2(s)=
Zin+Hi_cGi2Ginv+ZC

ZgZin+Hi_cGi2GinvZg+ZC (Zg+Zin)

Zg=Lgs+Rg ; ZC=
(RcCs+1)

Cs
; Zin=Lins+Rin

Ginv=
kPWM
τ s+1

; Gi1=kp_i1+
ki_i1
s
; Gi2=kp_i2+

ki_i2
s

(2)

kPWM and τ are the equivalent gain and switching period
of interface inverter, respectively. kp−i1 / kp−i2 and ki−i1 /
ki−i2 are the proportional and integral coefficients of current
double-loop PI controller, respectively.

According to (1) and (2), if up contains lower harmonics,
ig can be influenced, especially in case of power system
failure. According to Fig.3 (b), relationships between up and
up_ref can be expressed as [28]:

up =
G2(s)

1+ G2(s)
1

Hu_p
up_ref −

GT2(s)
1+ G2(s)

iDG (3)

Here

G2(s) = Hu_pGT1(s)GT2(s)

GT1(s) =
Gu1Gu2GinvZC
ZinZg + Z1ZC

GT2(s) =
Zload (ZinZg + Z1ZC )

ZinZg + Z1ZC + (Zin + ZC )Zload
Z1 = Hi_gGu2Ginv + Zg + Zin

Gu1 = ku_i1 +
ku_i1
s
; Gu2 = kp_u2 +

ki_u2
s

(4)

kp−u1 / kp−u2 and ki−u1 / ki−u2 are the proportional and
integral coefficients of voltage outer loop / current inner loop
PI controller, respectively. From (3) and (4), when micro-
grid is in island operation mode, if Zload generates harmonic
generation or iload /iDG contains low harmonics, up will be
influenced by ig (ig = iload + iDG), so that the island micro-
grid’s voltage maybe not meet the power quality requirement
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FIGURE 3. Voltage and current double closed-loop control with LCL type filter (a) structure diagram (b) control block diagram.

and the off-grid probability of voltage sensitive loads will be
increased.

Hi_g/Hi_c Grid-connected/ Capacitor current
feedback coefficient

igd_ref d axis reference current
igq_ref q axis reference current
Gi1/Gi2 Current double-loop PI controller

transfer functions
Zin/Zc/Zg LCL filter impedance
Zload load impedance
ig Inverter grid-connected current
up Inverter grid-connected voltage
Hu_g/Hi_g Grid-connected voltage/current feed-

back coefficient
Gu1 Voltage outer loop PI controller trans-

fer functions
Gu2 Current inner loop PI controller trans-

fer functions
iDG DGs output current
upd_ref ES output d axis reference voltage
upq_ref ES output q axis reference voltage

B. SWITCHING BETWEEN CURRENT SOURCE AND
VOLTAGE SOURCE

In microgrid grid-connected mode, ES is mainly used to
suppress the power fluctuation of DGs. In microgrid island
mode, ES is mainly used to maintain microgrid’s voltage and
frequency stability. Therefore, ES grid-connected inverter has
two operation modes (namely, current and voltage sources).
In microgrid’s operation mode switching process, ES oper-
ation mode is switched from current source to voltage
source or from voltage source to current source. Comparing
Fig. 3 with Fig. 2, it can be found that there are obvious
structural differences between current source and voltage
source. And because of harmful disturbance quantity intro-
duced into voltage source up and current source ig, the serious
distortion of system bus voltage and ES overcurrent (as shown
in Fig.4 [29]) can be caused and they will make microgrid’s
seamless switch of fail. Therefore, under ES’s control strategy
designing process, it is necessary to minimize the structural
differences of inverter control system and eliminate the harm-
ful disturbance influences on ES control system, so as to
achieve the smooth switching of microgrid.
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FIGURE 4. Simulation results with conventional control strategy.

FIGURE 5. Double-freedom control system.

III. PROPOSED STRATEGY FOR ES GRID-CONNECTED
INVERTER
In order to eliminate the control layer structural differences
between current source and voltage source, the two degrees
of freedom’s control principle is adopted with LC type fil-
ter. Then, the unified structure of their control layer can be
obtained. And for improving the dynamic performance and
removing PWM of ES control system, the model predictive
controllers are adopted.

A. DESIGN OF INVERTER CONTROL LAYER
Fig. 5 shows the block diagram of a two-degree of free-
dom control system [30]. R(s), Y (s), C(s), GFF (s), P(s) and
D(s) are the input signal, output signal, feedback controller,
feedforward controller, controlled object and disturbing sig-
nal, respectively. E(s) is the error between the input signal
and the output signal.

According to Fig.5, the transfer functions betweenR(s) and
Y (s), R(s) and E(s) can be expressed as follows [30]:
Y (s)=

C(s)P(s)+GFF (s)P(s)
1+C(s)P(s)

R(s)+
P(s)

1+C(s)P(s)
D(s)

E(s)=
[1−P(s)GFF (s)]
1+C(s)P(s)

R(s)

(5)

If GFF (s) = [P(s)]−1, equation (5) is modified as:
Y (s) = R(s)+

P(s)
1+ C(s)P(s)

D(s)

E(s) =
0

1+ C(s)P(s)
R(s)

(6)

Then the transfer function betweenR(s) and Y (s) has a unitary
gain for all frequencies, and the optimal control for D(s) can
be performed through regulating C(s).

In grid-connected inverter’s control layer, all variables are
expressed into dq coordinates. And the dynamic equations of
the LC filter are expressed as [31]:

[
uind
uinq

]
= (Lins+ Rin)

[
iind
iinq

]
− Linw0

[
iinq
−iind

]

+

[
ucd
ucq

]
[
ucd
ucq

]
=
w0

s

[
ucq
−ucd

]
+

(RcCs+ 1)
Cs

[
iind − igd
iinq − igq

]

−
Rcw0

s

[
iinq − igq
−iind + igd

]
(7)

Lin and C are the inductance and capacitance of the LC filter,
respectively. Rin and Rc are the resistors associated with Lin
and C , respectively. w0 is the angular frequency. According
to Fig. 5 and (7), the control layer algorithm’s design diagram
can be obtained as Fig. 6 shown. From Fig. 6(a), P1(s)0
and P2(s) are the controlled objects. C1(s) and C2(s) are the
feedback controllers of internal and external control loop,
respectively. If G1(s) = [P1]−1 and G2(s) = [P2]−1, the
results of i∗in/iin = 1, u∗c /uc = 1 can be realized. Therefore,
combining Fig. 6(a) and (7), Fig. 6(b) shows the design
control structure diagram of LC type control layer. From
Fig. 6(b), in order to obtain iin_ref /iin = 1, the feedforward
and feedback signals can be expressed as:

[
uind_FF
uinq_FF

]
= Gi_FF (s)D(s)

[
iind_ref
iinq_ref

]
+

[
ucd
ucq

]
[
uind_FB
uinq_FB

]
= C1(s)D(s)

[
iind_ref
iinq_ref

]
− C1(s)

[
iind
iinq

]
Gi_FF (s) = Rin; C1(s) = ki_p

D(s) =
Lins+ Rin + ki_p

Rin + ki_p

(8)

Here, iind_ref /iinq_ref is the reference value of inverter output
current in d/q coordinate. ki_p is the feedback controller pro-
portional gain of the current inner loop. Therefore, according
to (8), Refer to the inner loop design, the feedforward and
feedback output signals of the outer loop are

[
iind_FF
iinq_FF

]
= Gu_FF (s)

[
ucd_ref
ucq_ref

]
+

[
igd
igq

]
[
iind_FB
iinq_FB

]
= C2(s)

[
ucd_ref − ucd
ucq_ref − ucq

]
Gu_FF (s) =

Cs
RcCs+ 1

C2(s) = ku_p +
ku_I
s

(9)

Here, ku_p and ku_I are the proportional and integral gain of
the outer loop feedback controller, respectively. Accordingly,
based on (8) and (9), the equation, uc_ref /uc = 1, can be
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FIGURE 6. Generalized algorithm control structure diagram of LC type control layer (a) block diagram (b) control structure diagram.

realized. However, according to (7)-(9), the references signal
iin_ref with a differential compensation term D(s) is incorpo-
rated into the control system. The reference current i∗in_ref can
be expressed as:[
i∗ind_ref
i∗inq_ref

]
=

D(s)Cs
RcCs+ 1

[
ucd_ref
ucq_ref

]
+ D(s)

[
igd
igq

]
+ (ku_p +

ku_I
s

)D(s)
[
ucd_ref − ucd
ucq_ref − ucq

]
(10)

Nevertheless, D(s) has the amplification effects on the input
reference signal noise. Although the effects have been dis-
cussed in [18] and most of them can be ignored, together
with D(s), the noise amplification effects can’t be completely
ignored. In addition, owing to multiple PI controllers and
D(s) connected into the control layer, the superior robustness
cannot be obtained. And there are also three potential error
from the established inverse model which can affect the tran-
sient performance of control layer.

In order to remove D(s) and potential error, and fur-
ther enhance the robust performance of the grid-connected
inverter, MPC is firstly considered for using with the two-
degree of freedom algorithm in this paper. Fig. 7 shows the
block diagram ofMPC system [32]. u(k) and y(k) are the input
signal and output signal, respectively. A and B/C are feedback
controller and transfer function, respectively. 1/Z is the time
delay element. From Fig.7, the relationship between u(k) and

FIGURE 7. Block diagram of MPC system.

y(k) in the time of k, can be expressed as:

y(k + 1) = CAx(k)+ CBu(k) (11)

If u(k) and y(k) are n-dimensional variable, then

y1(k + 1) = CAx(k)+ CBu1(k)
...

yi(k + 1) = CAx(k)+ CBui(k)
...

yn(k + 1) = CAx(k)+ CBun(k)

(i = 1, · · · , n)

(12)

From (12), yi(k+1) can be obtained. Hereon, y∗i (k+1) as the
reference value is introduced into MPC system. For tracing
y∗i (k + 1) accurately, fi as value function is adopted, which
can be expressed as

fi =
[
y∗i (k + 1)− yi(k + 1)

]2 (13)
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TABLE 1. Relationship between switch states and output voltage
component uα , uβ .

Therefore, substituting (12) into (13), the minimum value
function can be obtained

fmin = min(f1, · · · , fn) (14)

Then, yi(k+1) corresponding to fmin will be choose to inserted
into control system, so that the superior control performance
can be obtained.

According to Fig.6, all variables are expressed into
αβ coordinates and the dynamic equations of the Lin filter
are expressed as:

 uinα
uinβ

 = Lin
d
dt

 iLα
iLβ

+ RinLin
 iLα
iLβ

+
 ucα
ucβ


 uinα
uinβ

 = Udc


√
2
3
−

√
1
6
−

√
1
6

0

√
2
2
−

√
2
2



ga

gb

gc


(15)

where gi(i = a, b, c) represent upper or lower bridge arms’
switching state of three-phase grid-connected inverter. When
switch off, gi = 1; switch off, gi = 0. Accordingly, eight
switching modes of three-phase inverter can be obtained
from Table 1, as well as the relationships among switch-
ing modes, DC-link voltage and the inverter output voltage.
Therefore, in the time of (tk, tk+1), (15) discretization can be
expressed as
iLα_(k+1) =

Ts(uinα_k − RLf iLα_k − ucα_k )
Lf

+ iLα_k

iLβ_(k+1) =
Ts(uinβ_k − RLf iLβ_k − ucβ_k )

Lf
+ iLβ_k

(16)

According to Table I and (16), uinα and uinβ can be adjusted
by ga, gb and gc, possessing eight different output theoretical
value. Then, introducing uinα_k and uinβ_k into (16), iLα−k+1
and iLβ−k+1 have eight different results. If the inverter output

FIGURE 8. Flow diagram of the implemented MPC system.

current is set as control target, the value function fi can be
expressed as

fi_1 = (iLα_ref − iLα1_(k+1))2 + (iLβ_ref − iLβ1_(k+1))2

...

...

fi_7 = (iLα_ref − iLα7_(k+1))2 + (iLβ_ref − iLβ7_(k+1))2

(17)

Then, through substituting (16) into (17), fmin can be
obtained. Thus, ga, gb and gc (corresponding to fmin) are
implemented in the grid-connected inverter, so as toMPC can
be obtained.

In order to further elucidate MPC algorithm, the flow
diagram of MPC algorithm, implemented by the MATLAB,
is shown in Fig.8. From Fig.8, the control loop begins sam-
pling the voltage and current signals. Then, the algorithm
estimates the grid-connected current by substituting (15)
into (16), and initializes the value of the evaluated quality
function f , which is a variable that will contain the value of
the lower quality function evaluated by the algorithm so far.
Then, the strategy, with eight possible grid-connected inverter
switching state, inserts a loop where, the quality function (17)
is evaluated. If, for a given switching state, f is stored as fi, that
lower value is stored as fi, and its switching state number is
stored as Si. The loop ends when all eight switching states
have been evaluated. The state that produces fmin is identified
by the variable Smin and will be applied to the inverter dur-
ing the next sampling interval, starting the MPC algorithm
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FIGURE 9. Modified algorithm of LC type control layer (a) control structure diagram (b) block diagram.

again. Therefore, the inverter switching state can be obtained,
which can make the output quantity closest to the reference
value.

Replacing the flow diagram in Fig. 8 with the current inner
loop in Fig. 6, the hybrid algorithm design block diagram
of LC type control layer can be obtained as Fig.9 shown.
From Fig.9, the original PI controller of the current inner loop
is changed into MPC. And the compensation term D(s) and
PWMare removed. Owing to the value function fi constructed
by inverter output current and its reference quantity, and
if the inverter operation frequency is set at higher value,
from voltage outer loop perspective, the equivalent transfer
function of MPC can be approximately equal to the equation,
k/(Ts + 1) ≈ 1 (T is the switching period and k is gain
coefficient), referring to [36-38]. Therefore, from Fig.9 (b),
because the transfer functions between iin_ref and iin, uc_ref
and uc are respectively unitized, the introduced current, ig,
of the voltage outer-loop can be dynamically compensated by
the grid-connected current, so that the harmful disturbance
influences from ig on the control layer can be effectively
inhibited and the control system bandwidth limit can be also
eliminated.

B. DESIGN OF INVERTER APPLICATION LAYER
Under different operating modes of microgrid, the unified
control layer structure can’t make ES unit achieve different
control objectives, so that the decoupling impedance, Zg =
Rg + jwLg, is introducted. Then, the various control targets
(eg. P-Q, V-f and droop control) of the ES unit’s application
layer can be realized.

When microgrid is in the grid-connected operation mode,
ES unit generally adopts P-Q control. Then, the reference
voltage uc_ref of control layer can be expressed as[
ucd_ref
ucq_ref

]
=

[
upd
upq

]
+Rg

[
igd_ref
igq_ref

]
+kg_p

[
igd_ref − igd
igq_ref − igq

]
(18)

Here, Rg and Lg are the decoupling resistance and induc-
tance, respectively. upd /upq and igd_ref /igq_ref represent the
d/q axis component of the grid-connected voltage and ref-
erence current, respectively. kg_p is the PI controller’ scale
factor. Fig.10 shows the PQ control block diagram of ES unit.
From Fig.10, owing to the unitized transfer function of the
control layer, the dynamic compensation is formed between
the power grid voltage up and the introduced signal up.
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FIGURE 10. PQ control block diagram under grid-connected mode.

FIGURE 11. Traditional V/f control block diagram under island mode.

Therefore, the influences of harmful disturbance from the
introduced signal up on the control system can be eliminated.

When microgrid is in the island operation mode, V-f and
droop control mode are adopted to maintain microgrid’s volt-
age and frequency stability. If ES unit adopts traditional V/f
control mode (as shown in Fig. 11), the harmful disturbance
from introduced signal iDG can’t be eliminated.

The traditional droop control’s objective function is [33]:{
u = un + kv(Qref − Q)
w = wn + kf (Pref − P)

(19)

Here, un and wn are microgrid rated voltage and natural
angular frequency, respectively. kv/kf is the droop factor
of P-f/Q-V control. Through using the droop control
with the proposed control layer, the harmful disturbance
(from ig) influence on ES unit’s control system can be elim-
inated. Nevertheless, when large or small disturbance occurs
in the microgrid, with traditional droop control microgrid’s
voltage and frequency are difficult to returned to what they
once to be. For removing the microgrid’s voltage and fre-
quency deviations, microgrid’s angular frequency and volt-
age feedforward compensation are introduced to modify the
traditional droop control, and it is expressed as:{
w = wn + kf (Pref − P)+ (wn − w)(k∗f _p + k

∗
f _I

/
s)

u = un + kv(Qref − Q)+ (un − up)(k∗u_p + k
∗
u_I

/
s)

(20)

Here, k∗f _p/k
∗
f _I and k

∗
u_p/k

∗
u_I are the PI regulator parameters

of microgrid angular frequency and voltage, respectively.
Therefore, through introducing these feedforward compensa-
tion, microgrid’s constant frequency and constant voltage can
be obtained.

C. OPERATION MODE SWITCHING OF INVERTER
Fig. 12 shows the block diagram of the novel hybrid control
algorithm. From Fig. 12, no matter the plan or unplanned
operation mode of the microgrid is executed, ES only needs

FIGURE 12. Modified algorithm control block diagram of ES inverter.
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FIGURE 13. Schematic diagram of the grid-connected microgrid.

FIGURE 14. Transient curve of Micro-grid from grid-supporting to
grid-forming mode (a) Output power of DGs (b) Output power of A-I point.

to switch the input signals of its application layer, so that
the problems of bus voltage distortion and ES’s inverter
overcurrent which are caused by the structure differences of
control layer can be resolved. Owing to adopting MPC and
two-degree of freedom algorithm, the transfer function of

TABLE 2. Main simulation parameters of system model.

control layer is united. Therefore, the input signals of the
application layer can be tracked quickly and accurately, and
the full dynamic compensation of the harmful disturbance
can be realized. Then, the novel algorithm of ES can support
microgrid to realize its smooth transition in the planned and
unplanned operation modes.

IV. SIMULATION VERIFICATION
To estimate the performance of the proposed control strategy,
a simulation model corresponding to Fig. 12 and 13, was
created in MATLAB/SIMULINK, with parameters as shown
in Table 2. According to the international operation standard

FIGURE 15. Transient curve of Micro-grid from grid-supporting to grid-forming mode. (a) Frequency Curve (b) AC-bus voltage (c) Outputs current of ES.
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FIGURE 16. Transient curve of Micro-grid from grid-forming to grid-supporting mode. (a) Outputs power of A-I point(b) AC-bus voltage of Micro-grid (c)
Output current of ES (d) Frequency.

FIGURE 17. Transient curve of Microgrid from grid-supporting to grid-forming mode (a) Bus voltage with traditional control method (b) Bus voltage with
the proposed method (c) Output current of A-I point with traditional method (d) Output current of A-I point with proposed method.

of microgrid, the judgment indicators of microgrid smooth
switching are given in this paper.

1. In the operation mode switching process of microgrid,
there are without surge current and voltage obvious
distortion.

2. After operation mode switching, microgrid can
quickly enter a stable operation condition. And its
AC bus voltage deviation and frequency deviation
are less than 7%UN (UN presents the rated
voltage) and 0.1Hz, respectively. In addition,
under the operation mode switching process of

microgrid, the frequency deviation, 1f , must be less
than 0.5Hz.

In order to verify the effectiveness of the proposed con-
trol method, two working scenarios are adopted, namely,
the planned switching and non-planned switching of micro-
grid operation mode. Among them, the planned switch-
ing working scenario comprises microgrid switching from
grid- connection mode to isolated island mode and micro-
grid switching from isolated island mode to grid-connection
mode. The non-planned switching working scenario is in the
case of which microgrid operation mode was switched to
island operation mode in the system fault condition.
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FIGURE 18. Frequency curve of Microgrid from grid-supporting to
grid-forming mode.

A. MICROGRID OPERATION MODE PLANNED SWITCHING
At t = 1s, switch S1 is disconnected (microgrid
switches from grid-connectionmode to isolated islandmode).
And it was assumed that during the operation mode switching
process, the output power of microgrid’s DGs and the micro-
grid’s loads remained unchanged. Fig. 14 and Fig.15 showed
the transient characteristic curve ofmicrogrid operationmode
switching process. From Fig. 14 and Fig. 15, before micro-
grid switches its operation mode, P/Q control mode for A-I
point is adopted by ES. At t = 0.5s, although DGs’ output
active powers were suddenly lowered from 400kW to 100kW,
as well as DGs’ reactive power being increased from 0kVar to
100kVar, the output power of A-I point was still unchanged
(P = 400kW; Q = 50kVar), as Fig. 14(a) and (b) shown.
At t = 1s, microgrid switched from grid-connected mode to
island mode. The modified droop control mode was adopted
by ES to maintain the stability of microgrid’s voltage and
frequency. And the output power of A-I point was quickly
turned into P = 500kW, Q = 0kVar, supplying power for
load 4, as Fig. 14(b) shown.

From Fig. 15(a), during switching process, there was
only a small microgrid’s frequency fluctuation and its max-
imum fluctuation range didn’t exceed 0.5Hz. After micro-
grid entering the island operation mode, its frequency
deviation, 1f , was also less than 0.1Hz. Therefore, the tran-
sient performance of microgrid’s frequency in the operation
mode switching process can meet the given requirement.
Besides, under microgrid switching process, the smooth
transition of AC-bus voltage’s amplitude and phase can be
obtained. And its voltage deviation was less than 7%UN,
meeting the system voltage requirements, as Fig. 15(b)
shown. From Fig. 15(c), it can be seen that when microgrid’s
operation mode is switched from grid-connected mode to iso-
lated island mode, the over-current phenomenon of ES didn’t
occur and its smooth transition current could be also obtained.
In order to further verify the anti-interference characteris-
tic of ES, together with the modified droop control mode,
it was assumed that at t = 1.2s, the output active/reactive
power of DGs was suddenly changed from 100kW/100kVar
to 400kW/0kVar. Then, with ES quickly responding, micro-
grid’s power balance, voltage and frequency stabilization can
be realized. And the voltage and frequency fluctuation could
be also restrained into the allowable range, as Fig. 14 shown.

FIGURE 19. Performance comparison of microgrid voltage, current and
frequency between traditional and proposed method.

At t = 1.5s, switch S1 is closed (microgrid switches
from isolated island mode to grid-connection mode). Then,
the control mode of ES was transferred from the modified
droop mode to PQ mode. Fig. 16 showed the microgrid’s
output characteristic curve, when microgrid was transferred
from the isolated island mode to the grid-connection mode.
The output active and reactive power of A-I point were
reclassified as P = 400kW, Q = 50kVar, respectively, as
Fig. 16(a) shown. According to Fig. 16 (b), the well robust
and fast dynamic response features could be found. And there
was without the amplitude and phase jump phenomenon of
microgrid’s bus voltage, so that the serious distortion of grid-
connected current can be avoided, as Fig. 16 (c) shown. From
Fig. 16 (d), under the grid-connection switching process of
microgrid, the peak frequency deviation, 1f , was also less
than 0.5 Hz. Accordingly, with the hybrid control strategy
for ES, microgrid smooth switching can be achieved.
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FIGURE 20. Root contours of ku_I.

B. MICROGRID NON-PLAN OPERATION MODE
SWITCHING
In order to further certify the transient stability characteristics
of ES when a large disturbance was generated from power
system, it was assumed that at t = 0.6s, three line to ground
(3LG) occurred at F1 (Fig. 13). PCC voltage dropped to
50%EN. Considering the fault detection time, the duration
of 3LG was 0.4s, and then it was cleared through discon-
necting S1 at t = 1s. Therefore, the control mode of ES
was switched from P/Q to V/f control mode. Fig. 17 and
Fig.18 showed the transient characteristic curve of microgrid
in the switching process of microgrid non-plan operation
mode. According to Fig. 17(a) and (b), it can be seen that
when system fault was cleared, with the proposed method
microgrid operation mode was switched to island operation
mode and microgrid’s bus voltage distortion didn’t occur.
In addition, the bus voltage rapidly entered a stable operation
state after the fault cleared. However, with traditional control
methodmicrogrid bus voltage was seriously distorted and had
relatively longer dynamic process. From Fig. 17(c) and (d),
with the proposed control method the output peak current
of ES was suppressed at 1.95kA which was significantly
less than the peak current 9.8kA which was with the tra-
ditional control method. Fig.18 showed the output charac-
teristic curve of microgrid frequency in the fault process.
From Fig.18, during the fault transient process, although the
traditional method and the proposed method could all ensure
microgrid’s frequency fluctuation within the allowable range
(0.5Hz), the frequency offset with the proposed method was
smaller than the frequency offset with traditional method.

For further demonstrating the advantages of the proposed
method, Fig.19 showed the error bar to quantitative estimate
how much microgrid’s voltage, current and frequency fluc-
tuations can be reduced. From Fig.19, the superior perfor-
mances can be obtained with the proposed method.

V. CONCLUSION
This paper proposes a novel control method for ES to realize
the smooth switching of microgrid operation mode. Based on
a theoretical analysis and simulation verification, the follow-
ing conclusions can be drawn:
(1) Compared with traditional methods, PWM and PI con-

troller of the control layer’s current inner loop can all
be removed by MPC, so that ES’s robust performance
can be enhanced.

(2) From the application layer perspective, through two-
degree of freedom algorithm, the control layer can
be recognized as unity gain, so that the dynamic full
compensation of the harmful disturbance can be real-
ized and its influence on the control layer of ES can
be removed. And under microgrid different operation
modes, the control targets of ES application layer can
be realized with a single control layer structure.

(3) Through introducing microgrid voltage and angular
frequency feedforward compensations to carry out
PQ and modified droop controls, the fluctuations of
microgrid’s voltage and frequency can be significantly
weaken. And they are controlled in an acceptable
range. Therefore, the resisting disturbance ability of
island microgrid can be enhanced and it can also help
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FIGURE 21. Root contours of ku_p.

microgrid avoid the voltage and current distortions in
its operationmode switching process. Then, the smooth
switching of microgrid operation mode can be finally
achieved.

APPENDIX
In this paper, the root locus method is used to discuss the
controller parameters influences on the stability of control
system. According to Fig. 9, the characteristic equation of the
double loop is:

1+
(RcCs+ 1) (ku_ps+ ku_i)

Cs2
= 0 (A-1)

From (A-1), there are two variables, namely, ku_P and ku_I.
Therefore, based on (A-1), when ku_I is continuously variable
parameter and ku_P is known parameter, the characteristic
equation including ku_I can be obtained as:

1+
ku_I (RcCs+ 1)

Cs2 + RcCku_Ps2 + ku_Ps
= 0 (A-2)

When ku_P is continuously variable parameter and ku_I is
known parameter, the characteristic equation including ku_P
can be obtained as:

1+
ku_P(RcCs2 + 1)

Cs2 + RcCku_I s+ ku_I
= 0 (A-3)

Accordingly, based on (A-2) and (A-3), the characteris-
tic equation’ root locus can be obtained as Fig.20 and
Fig.21 shown. From Fig.20, because all poles are in the left
half plane, the system is stable. However, when ku_I gets to
a certain value, oscillation will occur in the system. Hence,
considering system’s stability and dynamic performance, ku_I
should be less than the value 1.7e4. According to Fig.21,
its root locus is similar to Fig.20, the system is also stable.
However, when the value of ku_P is set too small, oscillation
will also occur in the system. Therefore, according to the
above analysis, the value of ku_P is set as ku_P ≥ 0.35. Then,
the values of ku_I and ku_P are set as: ku_I = 500, ku_P = 1.
Therefore, in accordance with the above method, the values
of k∗f _P, k

∗
u_P and kg_p are set as: k∗f _P = 3, k∗u_P = 1.5 and

kg_p = 10.
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