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Abstract: The AC/DC hybrid microgrid (MG) has been widely promoted due to its high flexibility.
The capability to operate in islanding mode is an appealing advantage of the MG, and also sets
higher requirements for its control system. A droop control strategy is proposed on account of its
distinguishing feature of automatic power sharing between distributed generations (DGs), but it
introduces some drawbacks. Therefore, distributed cooperative secondary control is introduced as
an improvement. In order to optimize the active power sharing in AC/DC hybrid microgrids, a
number of cooperative control strategies have been proposed. However, most studies of AC/DC
hybrid microgrids have mainly focused on the control of the bidirectional converter, ignoring the
effects of secondary control within subnets, which may make a difference to the droop characteristic.
This paper extends the cooperative control to AC/DC hybrid microgrids based on normalizing and
synthesizing the droop equations, and proposes a global cooperative control scheme for AC/DC
autonomous hybrid microgrids, realizing voltage restoration within AC and DC subnets as well as
accurate global power sharing. Ultimately, the simulation results demonstrate that the proposed
control scheme has a favorable performance in the test AC/DC hybrid system.

Keywords: AC/DC hybrid microgrid; islanding mode; droop control; cooperative control; power
sharing

1. Introduction

For the sake of improving the capacity of the power grid to penetrate distributed generations
(DGs) as well as promoting the intelligent process of the grid, the concept of a microgrid (MG) has
been put forward. As one of the typical structures of a MG, an AC/DC hybrid microgrid has been
widely applied as it integrates the superiority of AC and DC systems [1] and has a flexible topology
as well as diverse operation modes [2]. Compared with traditional power grids, the capability to
operate in islanding mode is a unique advantage of MGs. When a planned or spontaneous event
leads to the off-grid of a MG, it can still work in an autonomous state, but at this point, no external
power grid can provide reference for the system frequency and voltage of the point of common
coupling (PCC), setting higher requirements for the control system. Droop control is widely adopted
in islanded MGs and can realize the capability of their plug and play. However, only depending on
droop control may cause voltage deviation due to its deviating regulation characteristics. In addition,
the differences of impedance between DGs and the PCC may lead to inappropriate power sharing,
and sometimes even result in power circulation between DGs.

In order to eliminate the influence of unbalanced impedance and ensure high efficiency of the
power grid, a large number of studies have adopted a hierarchical control strategy, introducing
cooperative secondary control on the basis of primary control. The traditional centralized control [3,4]

Processes 2020, 8, 311; doi:10.3390/pr8030311 www.mdpi.com/journal/processes



Processes 2020, 8, 311 2 of 15

can realize the global optimization of MG effectively, but the high communication cost and low
reliability in complex systems limit its development [5]. The proposal of the distributed control
scheme [6,7] can effectively reduce the scale of data transmission, so as to realize the global control
of the complex system with low communication cost. Dehkordi et al. [8] proposed a complete
hierarchical control strategy for AC microgrids and Chunxia Dou et al. [9] designed a superior
distributed cooperative controller for DC microgrids with commendable dynamic performance.
Fanghong Guo et al. [10] designed an efficient secondary controller with the superiority of less
information transmission and demonstrated its excellent performance in DC microgrids. These
above—-mentioned studies only focused on one separate microgrid, while the control of hybrid
microgrids needs to consider the coordination between AC and DC systems, which will be more
complex [11]. Considering that the fluctuation of transmission power may pose a threat to the system
stability, constructing an appropriate control scheme for a bidirectional AC/DC converter to
determine a befitting power flow is of great significance. Yu Ji et al. and Wenyan Hu et al. [12,13]
both proposed a control method for the bidirectional converter, while they expressed the imbalance
of power sharing indirectly by the deviation of voltage and frequency rather than establish a direct
relationship between the active power of AC and DC subnets, thus may bring about inaccurate power
sharing with the participation of secondary control within subnets. Xialin Li et al. [14] analyzed the
operation mode of the bidirectional converter in different scenarios roundly and generalized the
control method. Junjun Wang et al. [15] put forward a unified control scheme for the bidirectional
converter adaptive in various scenarios and eliminated potential negative effects of a mode switch.

To summarize, few studies have given consideration to the coordination within and between
subnets simultaneously. Most of them have focused on the secondary control within subnets [8-10]
or the cooperative control between AC and DC systems [14,15] solely, ignoring the interaction
between them. Nevertheless, they both exert an impact on the system operating state, where
secondary control within subnets shifts the droop curves, while cooperative control between systems
alters the position of the operating point on the droop curve, which in turn affects their respective
controller inputs. Furthermore, the direct power sharing principle in AC/DC hybrid systems has
received little concern.

This paper extends the distributed cooperative control to AC/DC hybrid microgrids based on
normalizing and synthesizing the droop equations, establishes the power sharing relationship
between the subnets and proposes a control strategy for the AC/DC autonomous microgrid. A
hierarchical control strategy is adopted in AC and DC subnets. The primary control adopts droop
control and the secondary control is introduced to implement voltage restoration and proportional
power sharing between DGs. In addition, the controller of the bidirectional converter compares the
power demand on AC and DC sides to determine the reference of transmission power. The
simulation results on MATLAB/Simulink demonstrate that the proposed control scheme has a
favorable performance in the test AC/DC hybrid system.

2. Basic Control Theory of the Microgrid

2.1. Configuration of AC/DC Hybrid Microgrids

The typical structure of an AC/DC hybrid microgrid is displayed in Figure 1. It mainly consists
of the AC subnet, DC subnet and a bidirectional AC/DC converter connecting them [16]. Generally,
DGs and load are contained in an MG, and a PCC represents the connection between the MG and the
power grid.
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Figure 1. Typical topology of the AC/DC hybrid microgrid.

2.2. Primary Droop Control

Similar to synchronous generation [17], the characteristic of droop control can be expressed as:

f = f* _macezc

S M
Vie =Vee =10
Vdc = Vd*n _mdcfzic : (2)

In the equation, ¥V, f* are the voltage and frequency reference of the droop control respectively;
/7, V" are the no-load reference of frequency and voltage respectively; m and n are the frequency
and voltage droop coefficient; P and Q are the average active power and reactive power respectively.
In addition, subscripts ac and dc represent variables of AC and DC sides respectively.

For the purpose of proportional sharing of power between DGs according to their rated capacity,
the selection of droop coefficient should satisfy the following equation:

m1S1:m2S2:......:mkSk, (3)

nISIZnZSZZ......:nkSk, (4)

where m,, n;, S, represent the frequency, voltage droop coefficient and rated capacity of the ith
DG respectively, i =1,2...k.

In practical operation, accurate power sharing and voltage restoration cannot be achieved by
simply relying on droop control.

2.3. Cooperative Secondary Control

The secondary control in AC microgrids aims at realizing proportional reactive power sharing
as well as voltage restoration. To achieve this objective, the setpoints of voltage and frequency
reference are adjusted by adding a correction term. The correction term is composed of two parts, the
voltage restoration correction term and the reactive power sharing adjustment correction term.

The voltage restoration loop expects to restore the average voltage to the rated value, and the
corresponding input of the controller is the voltage deviation:

ul = V;wn - I/ac 4 (5)

where V,, is the nominal AC voltage.

The reactive power of DGs should satisfy the equation nQ, =n,Q, =-"--=n0, [18] for
proportional sharing. The corresponding input of the reactive power sharing loop is:

u, = Z a;(n,0; =n,0,), (6)

k
j=lj#i
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where g, is the communication weight between the ith and jth inverters, and if there is no
information exchange between the ith and jth inverters, q; is setto 0.

The integral controller is usually adopted in the secondary control, and the correction term for
reference voltage is finally obtained as:

u=K, [(Cu, +u,)dt, @)

where K, represents the integral coefficient, and C represents the bias factor, which is related to the
mismatch degree of voltage and reactive power sharing [19].

The modified reference value of droop voltage under cooperative secondary control is shown as
(8), which is equivalent to shifting the voltage droop control curve:

V.=V, -nQ+u. (8)

ac ac

The cooperative control strategy of the DC subnet is similar to that of the AC subnet, except that
the DC system focuses on active power sharing rather than reactive power. Similarly, the ideal
equation between the output active power of the converters is mF, =m,P, =+*=-=m,F,, and the
corresponding input of the power sharing loop is:

k

= ¥ a0mp-mp). ©

=L j#i

The remainder of the control strategy is the same as that of the AC microgrid.

3. Cooperative Control Strategy of the AC/DC Converter

The cooperative secondary control strategy in MG commendably solves the problem of power
sharing between DGs within AC and DC subnets, while the problem of inaccurate power sharing
between AC and DC subnets still exists, the case that one side is overloaded while the other side
assumes light load is of common occurrence. In order to avoid this phenomenon, this part extends
the above cooperative control strategy and introduces AC/DC cooperative control to optimize the
active power flow of bidirectional converters, so as to coordinate the output active power of DGs on
different sides and make AC and DC subnets share active load according to their capacity.

3.1. Control Theory

The output active power of DGs on the AC side is closely related to the frequency, while that on
the DC side is mainly affected by voltage. Figure 2 displays the initial P - f, P, -V, droop

control curves in the AC and DC subnets.
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Figure 2. Initial droop control curves. (a) Droop control curves in the AC subnet; (b) droop control
curves in the DC subnet.

In the figure, f.., fun, V.

min / dcmax

and V

dcmin

represent the maximum and minimum AC

frequency and DC voltage allowed in normal operation of the system respectively; £, . and B

max

are the maximum output active power of DGs. Since the reference and variation range of AC
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frequency and DC voltage are different, firstly, the frequency and voltage are normalized to the same
scale by (10) and (11):

: f—=f.
[ =t " 10
fmax _fmin ( )
, V.=V,
V = de dcmin .
“ de'max - Vdcmin (11)

The standardized frequency and voltage have the same scale, and their variation ranges are both
(0-1). The new droop control expressions of a single DG are shown in (12) and (13).

f=f-m.p,, (12)

Vd‘c = V‘: - m;ic'Ptic 4 (13)

where f* and ¥, are the standardized frequency and voltage reference respectively, while m,,
and m, are the new frequency and voltage droop coefficient, which can be obtained by

normalization similar to (10) and (11).
Synthesizing the linear droop Equations (12) and (13) between active power and frequency or
voltage of DGs [20], the droop equation for the whole AC and DC microgrid can be expressed as:

f' = fl* _mac,MGPac,MG/ (14)

V;c = Vd: =My vio B v (15)

where m, .., m, ,; represent the system-wide droop coefficient and can be calculated by

k k k k
! =y L1 s 1 i Powe = 2. Peis Puye = D P, represent the sum of the output
i=1

ac,i 7
mac,MG i=1 mar,i mdc,MG i=1 mdc,i i=1

mdc' S

represent the standardized droop coefficient of

ac,i’

active power of all DGs in microgrids; m
theithDGand P

ac,i’

P, represent the output active power of the ith DG. In addition, subscripts ac

and dc represent variables of the AC and DC sides respectively.
The droop control curves corresponding to (14) and (15) are shown in Figure 3a,b respectively.

ra v,
L pow) I o)
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Figure 3. Droop control curves of the whole MG. (a) AC microgrid; (b) DC microgrid.

Referring to the proportional sharing principle of active power in the DC subnet, the aggregate
output active power of DGs in the AC subnet and that in the DC subnet should satisfy

M. 116 Prcvic = Myerio Pr g - Therefore, the input of AC/DC cooperative control is:

ac, MG

u =My, 16 Fs sic = Mee i Bre i - (16)

Equation (16) is the basis for the control of the bidirectional converter. Once the AC bus voltage
reference coordinate system is selected, the power flowing from the AC side into the DC side through
the bidirectional converter can be expressed as:
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3.
P:Evdld/ 17)

where v,, i, are respectively the d axis component of the AC voltage and current flowing through
the bidirectional converter. If the voltage reference coordinate system is selected, the d axis
component of voltage equals the voltage amplitude of the AC side. Considering that the AC voltage
amplitude is relatively stable, the transmission power in the converter can be changed by controlling
the d axis current. The output d axis current reference value of the cooperative controller is:

i) = Ku+K, [udt. (18)

When u > 0, it indicates the active output of DGs in the AC side is relatively high, thus power
flows from the DC side to the AC side through a bidirectional converter to make the DC side share a
more active load. Correspondingly, u < 0 indicates that the active output of the DC side is relatively
high, and the AC side provides active power to the DC side to share more active load. When u =0, it
reaches the steady-state point where the active power flowing through the bidirectional converter
reaches an equilibrium, and the AC system shares active power with the DC system according to
their capacity. Figure 4 shows the operating process of the AC/DC cooperative control strategy

introduced in this part.

Initial droop AC side DC side
control equation foy w | v - , gy
""""""" (i) V=)

. v
Ordinate - N
normalization TeroaE
Lo w,
41 .
Wis M Ny
\ . LE ‘e '
Extend droop equation ya'oy

to the whole MG . .

Bidirection convertor operates in | | Bidirection convertor operates in
rectifier mode inverse mode
Active power flowing from AC Active power flowing from DC
subnet to DC subnet is decided subnet to AC subnet is decided
by [ul by [ul

| » o |
>

Proportional active power
sharing

Figure 4. Flow chart of the AC/DC cooperative control.

3.2. Overall Control Structure of the System
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AC/DC cooperation control can realize proportional sharing of active output between AC and
DC subnets. Combining with the cooperative control within the AC and DC subnets, the object of
global optimal power sharing can be achieved in an AC/DC hybrid microgrid. Through the
above-mentioned control method, the reliability of the system is improved. Figure 5 presents the
general control principle of an AC/DC hybrid microgrid.
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Figure 5. General control schematic diagram of an AC/DC hybrid microgrid.

4. Simulation Results

To demonstrate the performance of the designed controller, this paper carries out a simulation
test on MATLAB/Simulink in the case of an AC/DC hybrid system. Figure 6 shows the simplified
structure of the test system and main system parameters are shown in Table 1.

o

VAl 72 73

L1

==

""""" pesueNer 1 [

C2

Battery | AC load

DC bus
R1 R2

Supercapacitor | DC load

Figure 6. Simplified structure of the test AC/DC hybrid system.
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Table 1. Main Parameters of the Test System.

8 of 15

AC Side DC Side
Vol V/50 H Vol \Y%
Rated oltage 38020 {(5‘5)\7 z oltage 800
Value Power of DG1-s Power of DG1> 80 kW
38 kvar
Droop m,, 1x10°
m 1x103
Coefficient n 1% 103 de <10
Z . 126jQ
Output ! 0.05+0.126] Ri 0.15 Q
Impendenc Z> 0.1+0.283jQ
2 Q
© Z 0.07 +0.157§Q Re 02

4.1. Cooperative Control within Subnets

This part verifies the cooperative control strategies within the respective AC and DC subnets.
The active and reactive load on the AC side are 21 kW and 12 kvar respectively, and the DC load is
set to 12.8 kW. Initially, only primary control plays a role and the secondary control is put into service
at t=0.5 s. The control effect is shown in Figure 7:
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Figure 7. Simulation results under cooperative control within subnets. (a) In the AC subnet; (b) in the
DC subnet.

[

As can be seen from Figure 7, a distributed coordinated control strategy shows a good
performance in both AC and DC systems. During t = 0 s-0.5 s, DGs with lower output impedance
share more load and the output voltage is lower than the rated value. After t=0.5 s, secondary control
is put into service, and accordingly, power redistributes in the MG and the average voltage tends to
increase. At about t =1 s, the AC system reaches steady state, DGs share the reactive load evenly,
conforming to the principle of proportional sharing since they have the same capacity.
Synchronously, the average voltage converges to the rating, 311 V. Likewise, at about t=0.8 s, the DC
system reaches steady state, the two DGs share the load evenly with their output power converging
to 6.4 kW, concurrently, the average voltage converges to 800 V. Eventually, both systems operate
under their ideal conditions.

4.2. Cooperative Control within Subnets

According to the national standard, the maximum and minimum fluctuation of AC frequency
permitted are setto +0.2Hz, while the maximum and minimum fluctuation of DC voltage permitted
are setto £10% .

Case 1: In general, the distribution of load in AC and DC systems is stochastic and usually
disproportionate to the system capacity. Accordingly, in this case, the load on the AC side is set
relatively heavier than that on the DC side to verify the capability of load sharing within and between
subnets under the effect of the designed scheme. The active and reactive load on the AC side are 24
kW and 15.6 kvar, respectively, while the active load on the DC side is 14 kW. At t=1 s, cooperative
controls within AC and DC microgrids come into service simultaneously. At t = 2 s, cooperative
control between AC and DC subnets is put into service. Figure 8 displays the frequency, active and
reactive power sharing of the AC side, as well as the voltage and active power sharing of the DC side.
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To observe the cooperative operation between AC and DC subnets more intuitively, the values of
m P on both sides, which represent the proportional sharing of power, are shown in Figure 8c.
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Figure 8. Simulation results of case 1. (a) In the AC subnet; (b) in the DC subnet; (c) of all DGs.

In accordance with Table 1, the aggregate capacity of AC and DC systems is 60 kW and 160 kW
respectively, with a ratio of 3:8 between them. Before t =2 s, AC/DC cooperative control has not come
into service, the output active power of each DG on the AC side is 8 kW, while that on DC side is 7
kW, and the AC side takes a much heavier active load considering its capacity. Accordingly, the AC
frequency falls to 49.925 Hz, while the DC voltage is on the high side, after t = 2 s. The AC/DC
cooperative control is put into service, and the active power in AC/DC hybrid microgrids
redistributes in proportion to their capacity. The bidirectional converter works in inverter mode, the
DC side transmits more power to the AC side through a bidirectional converter to share more load,
the output active power of each DG on the DC side increases to 13.8 kW, and that on the AC side
decreases to 3.5 kW. Correspondingly, the AC frequency increases to 49.965 Hz. Deduced from the
above analysis, the actual output power on both sides is 10.5 kW and 27.6 kW, according to the
desired ratio. The last figure intuitively indicates that the control strategy in this paper implements
optimal power sharing effectively and the stability of the AC/DC hybrid system is enhanced.

By contrast, provided that the classical control scheme for the bidirectional converter based on
the deviation of normalized voltage and frequency is adopted in the above case, owing to the greater
value of normalized voltage, the controller will issue an instruction to increase the load assumed by
the DC system continuously until it assumes the full load, which will be detrimental to the utmost
utilization of system capacity.

Case 2: In practice, under the circumstance of load shedding on one side due to a planned or
unexpected incident, mode switch of the bidirectional converter occasionally occurs. To simulate this
situation, the following scenario is designed. Initially, the active and reactive load on the AC side are
14.5kW and 4.5 kvar, respectively, and the load on the DC side is 76 kW. Att=2s, AC/DC cooperative
control comes into service, and at t =4 s, 68 kW active load is cut off from the DC side. Figure 9 shows
the changes of power on both sides, as well as the transmission power of the bidirectional converter,
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and compares the m P values of all DGs in the MG to show global proportional sharing of active

power more intuitively.
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Figure 9. Simulation results of case 2. (a) In the AC subnet; (b) in the DC subnet; (c) of the bidirectional
converter; (d) of all DGs.

As is displayed in Figure 9, before t =2 s, average active power output of DGs on the AC side is
5.25 kW, while that on the DC side is 38 kW, which indicates a disproportionate allocation. Att=2s,
active power redistributes, active output of DGs on the AC side increases to 8.25 kW and that on the
DC side decreases to 33.5 kW. Hence, the output power of AC and DC systems can be calculated as
24.75 kW and 67 kW, respectively, implying an approximate ratio of 3:8 between them. Concurrently,
active power tends to distribute proportionally within MGs. At this point, the bidirectional converter
works in rectifier state. At t=4 s, the DC side cuts off partial loads suddenly, accordingly, the output
power of each DG decreases to 4 kW. At this time, DGs on the AC side assume a relatively heavier
load. As a response, the bidirectional converter switches to inverter state. Under the cooperative
control, the output power of the AC system decreases to 7.8 kW, while that of the DC system increases
to 20.8 kW, holding a ratio of 3:8. Thus, the proportional sharing is resumed.

In the above simulation, diverse droop gain exerts an influence on system stability [21] and the
selection of secondary controller parameters brings about changes to the system response as well,
with a smaller integral coefficient corresponding to a longer settling time. Furthermore, the integral
coefficient is strongly associated with the system robustness [22]. Reasonable parameter design can
commendably ameliorate the system dynamic performance. Furthermore, it deserves extra attention
that in practical application, measurement errors are unavoidable [23]; additionally, time-varying
latency exists [23,24] during the information transfer process of both sides. These unfavorable factors
should be given adequate consideration as they may impose an adverse influence on the control
precision and system dynamic performance.

5. Conclusions
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This paper extends the conventional proportional power sharing conditions in separate
microgrids to an AC/DC hybrid system based on normalizing and synthesizing, and then combines
the cooperative control between the AC and DC systems with secondary control within subnets. It
thus proposes a global cooperative control strategy for AC/DC hybrid autonomous microgrids.
Simulation results on MATLAB have revealed the satisfactory control effect of this scheme.

This paper provides a befitting optimization for hybrid AC/DC systems, especially those with
severely unbalanced AC and DC load. The coordination within and between subnets are
implemented simultaneously and excellently; moreover, voltage restores to the ideal value
commendably, which is beneficial to take full advantage of the capacity of each DG in hybrid
microgrids and gives better play to the efficiency and stability of MGs.
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