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Abstract—Hybrid AC/DC distribution networks are promising
candidates for future applications due to their rapid advancement
in power electronics technology. They use interface converters
(IFCs) to link DC and AC distribution networks. However, the
networks possess drawbacks with AC voltage and frequency
offsets when transferring from grid-tied to islanding modes. To
address these problems, this paper proposes a simple but effective
strategy based on the reverse droop method. Initially, the power
balance equation of the distribution system is derived, which
reveals that the cause of voltage and frequency offsets is the
mismatch between the IFC output power and the rated load
power. Then, the reverse droop control is introduced into the IFC
controller. By using a voltage-active power / frequency-reactive
power (U-P / f-Q) reverse droop loop, the IFC output power
enables adaptive tracking of the rated load power. Therefore, the
AC voltage offset and frequency offset are suppressed during the
transfer process of operational modes. In addition, the universal
parameter design method is discussed based on the stability
limitations of the control system and the voltage quality
requirements of AC critical loads. Finally, simulation and
experimental results clearly validate the proposed control strategy
and parameter design method.

Index Terms—Hybrid AC/DC distribution network, interface
converters, reverse droop control, adaptive adjustment,
parameter design method.

I. INTRODUCTION

HE DC distribution network has become a promising
alternative to the AC network due to the rapid development
of DC power supplies and loads. It has many advantages, such
as lower line losses, enhanced controllability and easy access to
clean energy [1], [2]. However, AC networks still have many
applications which are completely irreplaceable. Therefore, the
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development of hybrid AC/DC systems is the most optimal
solution for future distribution networks. The flexible
connection and coordinated operation of AC and DC
distribution networks have great importance in the
development of the hybrid distribution network [3], [4].
Nethertheless, it is important to carry out flexible power
transmission between individual AC and DC networks under
the grid-tied mode. The system also requires that the DC
distribution network supply uninterrupted power to the critical
AC loads under the islanding mode [5].

In order to achieve smooth transfer between the grid-tied
mode and islanding mode, two types of control strategies are
proposed: hybrid voltage-current source control [6]-[11] and
voltage source control [12]-[14].

In a hybrid voltage-current source control, the IFC is
controlled as a current source under the grid-tied mode to
maintain power exchange between the AC and DC distribution
networks. On the other hand, when islanding is detected, the
IFC is switched to be controlled as a voltage source. Thus, the
voltage and frequency of the critical AC loads are provided by
the IFC under islanding mode. Taking advantage of the use of
two different control strategies, the distribution network under
the hybrid voltage-current source control can operate at high
efficiency in both modes. However, the islanding detection
always takes tens of milliseconds to several seconds [15]-[17],
during which the IFC remains in the current source mode,
although the AC main network is disconnected. In this case, the
mismatch between the IFC output power and the rated load
power will cause fluctuations in the magnitude and frequency
of the critical load voltage. Even more serious scenarios can be
found, for example, if the IFC is set to inject a constant active
power from the AC network into the DC network under the
grid-tied mode, the AC voltage will be unstable during the
islanding detection delay, since there is no power support from
the AC side [18]. In conclusion, the conventional hybrid
voltage-current source control-based strategies face difficulties
to achieve continuous control of the AC load voltage. In this
way, some recent research studies [6]-[8] have proposed
several advanced control strategies, such as model predictive
control (MPC) [6], [7] and observer-based control (OBC) [8].
Although they achieve seamless transfer between operating
modes, these strategies sacrifice the simplicity of the control
system and are susceptible to noise. Additionally, some
researchers proposed strategies based on indirect current



control to solve this issue [9]-[11]. Different from the
conventional direct current control-based strategies which use
the outer voltage loop and inner current loop, the indirect
current control-based strategies adopt the outer current loop
and inner voltage loop under the grid-tied mode. With these
strategies, the outer current loop control is removed while the
inner voltage loop control remains operational under islanding
mode. In this way, the load voltage is always controlled as the
inner voltage loop is maintained throughout the whole process.
Therefore, the voltage quality can be significantly improved
during the islanding detection delay. Nevertheless, there are
still several drawbacks to these indirect current control-based
strategies. The dynamic response of the current is slow and the
quality of the current waveform is relatively poor due to the
absence of the current loop control.

The voltage source control always controls the IFC as a
voltage source. Under this control mode, a P-f/ Q-U droop loop
or a O-f/ P-U droop loop is usually added to the traditional dual
control loop, which realizes the control of both frequency and
voltage [12]-[14]. In such a case, the switching of control
strategies is eliminated. However, the offsets of voltage
magnitude and frequency increase due to the voltage droop and
frequency droop loop [12]. In addition, this method faces
difficulty to achieve free transmission of power under the
grid-tied mode, which sacrifices the flexibility and efficiency of
the hybrid AC/DC distribution network. Although the droop
loop can be modified to achieve constant power control of the
IFC under the grid-tied mode in [13], this is at the cost of
introducing the switching of the control strategies. Similarly, a
unified control structure was proposed to achieve multi-mode
operation and smooth transfer in [14], however, the upper layer
control still requires different reference values under different
modes of operation.

In summary, the hybrid voltage-current source control can
achieve efficient operation of the hybrid AC/DC distribution
network, but the voltage quality during the islanding detection
delay is poor. On the other hand, the voltage source control has
a good voltage quality during the islanding detection delay, but
it faces difficulties to achieve an efficient operation. Inspired by
the reverse droop control proposed to realize proper power
sharing in [19], [20], this paper developes a new form of
voltage-active power / frequency-reactive power (U-P / f-Q)
reverse droop control to achieve a smooth transfer between the
grid-tied mode and islanding mode for IFCs. In fact, the
proposed U-P / f~-Q reverse droop control is the reverse of O-f/
P-U droop [21], [22]. The Q-f/ P-U droop control generates
voltage and frequency reference signals, and it is used to
control the grid-forming IFCs. However, the proposed U-P /
Jf-O reverse droop control generates active power and reactive
power reference signals, so it is used to control the
grid-following IFCs. Therefore, the OQ-f/ P-U droop control is
used in voltage source control, whereas the proposed U-P / f~-O
reverse droop control is adopted to replace the constant power
control in a traditional hybrid voltage-current source control.
With this control, the IFC output power will adaptively adjust
to the rated load power by following the droop curve when
islanding occurs. Hence, the magnitude and frequency of AC
voltage can be maintained within an allowable range. Even if
the islanding detection delay is relatively long, the

uninterrupted and qualified power supply for the critical loads
can be achieved.

The main contributions of this paper can be summarized as
follows:

1) Proposing a new form of reverse droop control to achieve
a smooth transfer between the grid-tied mode and islanding
mode. The operating principle of the proposed control is
described in detail.

2) Presenting a unified parameter design method for the IFC
controller, during which the small-signal stability of the system
is analyzed.

The rest of this paper is organized as follows: In Section II,
the schematic diagram of the AC/DC distribution system is
introduced. Section III proposes the reverse droop control by
deducing the relationship between the load voltage magnitude,
frequency and load power. Also, the operating principle is
discussed in detail and the control diagram is demonstrated. In
Section IV, first, the calculation formulas of the current loop
and the voltage loop compensator parameters are presented.
Then, according to the stability analysis and power quality
requirements, the design method of the droop coefficients is
given. Section V verifies the proposed control strategy and
parameter design method by simulation and experimental
results. Finally, the conclusions are depicted in Section VI.

II. SCHEMATIC OF THE AC/DC DISTRIBUTION SYSTEM

The basic structure of the AC/DC distribution system
connected by an IFC is shown in Fig. 1. Where L, is the filter
inductor, Cris the filter capacitor, R, denotes the resistance of
the filter inductor, Z; shows the impedance of the critical loads,
Se and S, depict the switches that are controlled by the IFC and
main grid respectively. The IFC can be a two-level
voltage-sourced converter, a three-level voltage-sourced
converter, or a modular-multilevel converter, depending on its
application scenario and the voltage level.
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Figure 1. Schematic of the AC/DC distribution system.

III. THE PROPOSED STRATEGY BASED ON REVERSE DROOP
CONTROL

A. Operating Principle of the Current Source Control under
Islanding Mode

For a hybrid voltage-current source control, the IFC is
controlled as a current source under the grid-tied mode. The
unified circuit is shown in Fig. 2 [15]. Here, P, and Qare the
power flowing into the main grid, while, P; and Q; show the
power consumed by the critical loads, P, and Q; are IFC output
power.
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Fig. 2. The unified circuit with the power flow when the IFC is controlled as a
current source.

According to Fig.2, the power dissipated in the critical loads
under the grid-tied mode can be represented as:

2
’ | : )
=UX(———-2nf,C
QLO O(ZTEfOLL fl:) L)

Where Uj and f) are the rated voltage and rated frequency of the
load, Pro and Oy represent the rated power of the load. Due to
the dispersed critical loads, Pro+jQOro is difficult to measure but
can be simply calculated by ProtjQro=PsotjOso-(PeotiOe0).
Where PyotjQOso and Pgotj Qg0 show the output power of the IFC
and the power injected into the main grid under the grid-tied
mode, respectively.

At the occurrence of islanding (i.e., Sg is off), the IFC control
strategy does not instantly switch due to an islanding detection
delay. In such a case, P,+j0,~0 and the total power generated
by the IFC is all consumed by the loads, i.e., PstjOs=Pr+jQ;.
Then the relationship of the IFC output power with load voltage
and frequency is given as:

P =P :U—2
s RL
. . 2
0,=0=U (271_?le _2nfCL)

Where U and f are the actual load voltage magnitude and
frequency, respectively. Equation (2) indicates that U and f
suffer from the mismatch between the IFC output power and
rated load power. In this case, U and f will increase if Ps> Py
and O,<Qro. Otherwise, U and f'will be suppressed. It can also
be seen that U is determined by Py, whereas fprimarily relies on

Os.
B. Proposed Reverse Droop Control

According to (2), U and f can be determined by adjusting the
P, and Q,independently. Therefore, a U-P / f~Q reverse droop

control for the current source control is proposed here. The

governing equation for reverse droop control is formulated as:
{P: = Py=m(U~U,) )

0, =0, +n(f~ 1)

Where m and n denote the droop coefficients of voltage and

frequency, P;" and Q," are the reference power of the IFC, Py

and Qs are the desired output power of the IFC under the

grid-tied mode.

Under the grid-tied mode, U and fare clamped to Uy and f; by
the main grid, i.e., the output power of the IFC is Py+jQOs
according to (3). After the occurrence of islanding, a schematic
diagram of the adaptive adjustment process of the active power

based on (2) and (3) is shown in Fig. 3. Fig. 3(a) demonstrates
the adjustment process when Py>Pro. In such a case, the load
operates at point 4 and absorbs Py, the IFC initially generates
Py. When islanding is activated, P; instantaneously increases
from Py to Py, causing the loads operating point to move from
Ato B and U ises, as depicted in (D and @). If the conventional
constant power control is applied, the load will always operate
at point B, which means U deteriorates during the whole
islanding detection delay. Whereas if the proposed droop
control is employed, the increase of U will cause P;" to decrease,
thereby P, and P, are minimized to adaptively reduce the
voltage offset, the load will operate from point B to point C, as
portrayed in 3) and @. Eventually, the load will converge to
operate at point O, where the load voltage is Up and the IFC
output active power is Pp. The active power adaptive
adjustment process when Py <Py is exhibited in Fig. 3(b),
where the load will also adapt to operate at point O. The motor
load [23]-[25] can also be included in the unified circuit shown
in Fig. 2 but with a variable R;. Since the variable R; only
affects the slope of the curve that corresponds to equation (2),
the system will converge to the operating point O no matter
how R; changes. The proposed method still works well when
the motor load is included.

Similar to active power, the adaptive adjustment process of
reactive power is outlined in Fig. 4. The difference is that O,
could be negative due to the possible presence of capacitive
loads, while the active power P; is always non-negative.

It should be clarified that in the actual power adjustment
process, the operating point of the load should be continuously
changing in real time, which means that there should be no
jumping from point 4 to point B and from point B to point C.
The above operating point mutation-based analysis is used only
for better illustration of the adjusting principle of the proposed
reverse droop control strategy.
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Fig. 3. Schematic diagram of the adaptive adjustment process of active power.
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Fig. 4. Schematic diagram of the adaptive adjustment process of reactive power.
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C. Integrated Control Strategy of the IFC

Based on the above analysis, the integrated control block
diagram of the IFC is shown in Fig. 5. Where: Uy, Uy, 1ig, 1ig, 14,
1, are the d-axis and g-axis components of the load voltage, the
inductor current, and the inverter output current, respectively.
The superscript * represents the corresponding reference value.
ki(s) = kpr+ ki/s and ku(s)=k,utkiu/s are the compensators of the
current control loop and voltage control loop, respectively. The
PLL in the proposed controller is based on the SRF-PLL [26],
which is widely used to estimate the frequency and phase of the
PCC voltage.

The control strategies of the IFC under various operating
modes are revealed as follows.

(1) Under the grid-tied mode, the switches Sg and S in Fig. 1
are closed. Multiplexer#1 is thrown at “0” and multiplexer#2
switch is thrown at “2” in Fig. 5. Therefore, the IFC is
controlled as a current source that outputs constant power.

(2) When islanding occurs, the switch S, turns off, and S.
remains closed due to the islanding detection delay. In such a
case, multiplexer#1 and multiplexer#2 are still at position “0”
and “2” respectively, which means the reverse droop control is
maintained. The voltage and frequency of critical loads will be
kept by adaptively adjusting the IFC output power to the rated
load power.

(3) After the completion of islanding detection, S. also turns
off. Multiplexer#1 is switched from “0” to “1” and
multiplexer#2 is switched from “2” to “3,” to realize the V-f
control of the IFC. Thereby, the load voltage and frequency are
controlled to the rated values. Correspondingly, the reverse
droop control references P,* and Q;" are automatically restored
to Py and Q.

(4) When the main grid is recovered, i.e., S, turns on.
Multiplexer#2 is switched from “3” to “2.” In this way, the
pre-synchronization control [27] is put in to synchronize the
voltage phase of the critical loads with the PCC voltage phase.

(5) After the pre-synchronization control is completed, S,
turns on. Multiplexer#1 is switched from “1” to “0” to achieve a
constant power output of IFC under grid-tied mode.

Reverse drnop
Uo Pco

Mulupl:xeml

fffff

Islanding confirmation

Y y
Islanding mode | Pre-synchronization process Grid-tied mode
Multiplexer#1: 0 Multiplexer#1: 1 Multiplexer#1: 1 Multiplexer#1: 0
Multiplexer#2: 2 Multiplexer#2: 3 Multipl: 2:2 Multipl 2:2
[ [

Pre-synchronization completion

Grid-tied mode
Multiplexer#1: 0
Multiplexer#2: 2

Islanding detection delay

Islanding occurrence Main grid recovery

®)
Fig. 5. The integrated control block diagram of the IFC and the block diagram
of the transfer sequence. (a) The integrated control block. (b) The block
diagram of the transfer sequence.

IV. PARAMETERS DESIGN AND SYSTEM STABILITY ANALYSIS

A. Parameters of the Compensators

According to [28], the formulas to calculate the compensator
parameters in the current loop are given as:

L, / 7, 4)
k, = Rf/r,. . ©)
Where 7, is the time constant of the current loop, which is

generally selected as 0.5 ms~5 ms.
Also, the compensator parameters in the voltage loop can be
obtained by the following formulas [29] as:

C, 1-siny <
__f( 7)2

k= 6
n 1+siny ©)
l—siny 2 3
( : (7
1+siny

Where the phase margin y is typlcally chosen as 40°~50°.

B. Droop Coefficients Design

The selection of the proper droop coefficients should ensure
two basic requirements:

(1) The system should operate stably at point O.

(2) The voltage and frequency are within the allowable
deviation range.

The selection methods of droop coefficients that satisfy the
above conditions will be presented by the following
derivations.

1) Stability Analysis

The equivalent circuit of the system during the islanding
detection delay is shown in Fig. 6 with the current information
added. Where i; is the current of filter inductor, izz, izc and i,
are the currents of resistive loads, capacitive loads and
inductive loads respectively. It is noted that when IFC is
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controlled as a current source, the filter capacitor can also be
considered as part of the critical loads.

Fig. 6. The equivalent circuit of the system during the islanding detection delay.

With reference to Fig. 6, dynamics of the load voltage are
described by the space-phasor equation:

d> d > - - 1ldu . du u
—i, =—(+i+i,)=——+C,—+—. (8
a1 =g Gt e i) R, dt td L, ®

Expressing each space phasor in (8) in terms of its dg-frame
components, and applying Laplace transform to it, then the load
voltage is obtained as:

U, =[sl, - a1, +(250,C, + @, |R)U,]
R.L [(s°R,L,C, +sL, -, R,L,C, +R,)

U, =Isl, +@,1, - (2s0,C, +a, |R)U,]
R.L [(s°R,L,C, +sL, -, R,L,C, +R,)

Where wy, is the rotational angular frequency of dg-frame. If
the PLL tracks the load voltage phase wt+6, then the term

©

RLLL
(5°R,L,C, +sL, -, R,L,C, +R,)

2s5@,,C, + @y, | R,
2s5@,,C, + @, |R,

. 1|4 RL, Uz s + ' )
fo Ts+1 >l (s"R,L,C, +sL, -, R,L,C, +R,) g 27U, Y
. Current loop Load dynamics
Fig. 7. The control block diagram of the proposal reverse power droop controller.
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Fig. 8. The system root locus. (a) The root locus of the voltage loop at me[1 MW/kV, 100 MW/kV]. (b) The root locus of the frequency loop at ne[1 MVar/Hz, 2

MVar/Hz].

wttl — p is close to zero, and we have [26]:
u,=Ucos(at+0—-p)=U 10
u, =Usin(wt+0—p)=U(ot+60-p)’ (10)

Where p is the rotation angle of dg-frame, and dp/dt = w,.
Similarly, (10) can be expressed in the Laplace domain as:

U=U,
f= 11U, s/rU) (1

In which f~w/(27) and fs,=wq,/(27). Based on (9), (11) and Fig.
5, the loop block diagram of the proposal reverse power droop
controller is demonstrated in Fig. 7.

According to Fig. 7, the characteristic equations of the
voltage loop and frequency loop are respectively presented as:
1+2mR, L,s/[3U, (r,s + 1)(s’R,L,C, +sL, - &, R,L,C, +R,)]|=0
142nR, L, s* (62U (7,5 +1)(s*R, L,C, +sL, — @, R,L,C, +R,)]=0
(12)
Assuming Uy =Up and w4y =wo =27fy under a steady-state
operating condition, then according to (12) and the parameters
shown in Table I, the root locus of the system is depicted in Fig.
8 considering a variation of me[1 MW/kV, 100 MW/kV] and
ne[l MVar/Hz, 2 MVar/Hz]. Fig. 8 shows that when the droop
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coefficients m and n increase, the root locus remains in the left
half s-plane, which indicates that the system endows superior
stability in the range of concern. In particular, even when m is
taken as 100 MW/kV and # is taken as 2 MVar/Hz, such large
droop coefficients will not lead to system instability.

In addition, due to the inherent independence of the reverse
droop control, the output power of the IFC is only dependent on
load voltage and its own control parameters. This is to say,
IFCs operate independently of each other. Therefore, as long as
each IFC is stable, the system will be stable even with
parallel-operated IFCs.

2) Voltage Quality Requirements

According to the IEEE std. 1547—2003 standard [30] related
to the distributed generation’s access to the power grid, the
allowable deviation limits of the AC voltage and frequency are
+ 7% Uy, and + 0.2 Hz, respectively. Since the DC distribution
network can be regarded as a distributed generation with a
larger capacity, the aforementioned voltage quality
requirements are also applicable to the interconnection of the
AC and DC distribution networks.

According to (2) and (3), the active power balance equation
when the load voltage converges at point O is (assume P =Py):

U2 U’
-m(U, -U,)= =—9°p. 13
( 0)= RL 02 T (13)
ie.,
m=(F,—- OPLO)/(U -U,)
. (14

_ [Py =1+ AU%)’ B, ) (AU%U,), P, > P,
- {[(1 - AU%) Lo~ xo]/(AU%Uo)o Pso < PLO
Where 0<AU% <0.07 signifies the offset of the voltage.
Equation (14) manifests that when AU % reaches the maximum

value of 0.07, the corresponding m has a minimum value, i.e.,
the constraint formula of m is:

LR, —1.072110)/(0.07U0), P,>P, 15)
(0.93°P,,— P,)/(0.07U,), P, <P,
It should be noted that if (P, —1.07°B,,) or (0.93°P,,—P,) is

less than 0, which indicates that Pyo and Py, are very close, thus
m can be taken as an arbitrary non- negative value to meet the
requirement of the voltage magnitude.

Similarly, the reactive power balance equation when the
frequency converges at point O is (assume Q;"=Q;):

1
+n(f, - f,)=U" -2nf,C,) .
O +1lfy = $)= U= 28,C.)

Assuming that the load voltage U is stabilized at Up by the
regulation of active power, then it yields to:

W20 [ 1)

{on - U(Z)[ !

(16)

2n(1- A %) fi L,

—2n(1+ A1 %) £,C,] —Qso}/(Af%fé))’ O <0uo

7)
Where 0 < Af% <0.004 denotes the offset of the frequency.

U? [%
21+ Af %) f,L,

~2n(1 —Af%).foCL]} /(Af%fo), 0,>0,,

Equation (17) declares that when Af'% reaches the maximum

value of 0.004, the corresponding # has a minimum value, i.e.,
the constraint formula of # can be determined as:
1

[0~ W 19921£,C.)) 00041, 0,0,
n> 0 L

[Us(

. (18)

m 2.0081tf0CL)—Q50]/(0.004fU), 0.,<0,,

The rated reactive power delivered by the IFC is typically set as
0, i.e., Ow=0. Thus, when the critical loads are capacitive or
inductive, (30) can be further simplified as:

U31.992nf,C, /(0.004 £;) = 0. 996QL0 /(0.0041,), 0, <0
nz{ A
v W/( 0410) = oa Qw/(ooom) 0,,>0

From (15) and (19), it can be seen that a larger m and a larger
n guarantee better voltage quality. However, according to (3),
they also render the output power of the IFC to be sensitive to
voltage and frequency fluctuations under the grid-tied mode.
Thus, the values of m and n are recommended to be in a
moderate range.

(19)

V. SIMULATION AND EXPERIMENTAL VERIFICATIONS

A. Simulation Results

To verify the effectiveness of the proposed control strategy,
the Suzhou hybrid distribution network of the National Key
R&D Program of China is shown in Fig. 9, the detailed model is
developed in the professional software PSCAD/EMTDC.
Three sub-systems, including two AC distribution networks
and one DC distribution network are depicted in Fig. 9. The AC
distribution networks are connected to the DC distribution
network through two IFCs. Since the DC voltage Uy is 20 kV,
modular-multilevel converters are adopted. Herein, the
IFC-2 is employed to support the voltage of the DC distribution
network, whereas IFC-1 controls the power flow between
sub-systems. The switch Sy offers diversity in the operation of
the DC distribution network. The main objective of this
research study is to achieve an uninterrupted and qualified
power supply to the critical AC loads, which is performed by
switching the control strategy of IFC-1 when the main grid-1
exits due to maintenances or failures. The related circuit
parameters and control parameters are shown in Table 1.

| Maingrid-1  AC 10 KV | | AC 10kV Main grid-2 |
I Sy Sy | | Se !
| AC ! | AC ‘
| Toads | | loads |
I I !
| [AC istribution network 1 Ceineatonds | | } AC Distribution network 2 |
,,,,,,,,,,,,,,,,, L e

Fig. 9 Topology of Suzhou hybrid distribution network pilot project.

TABLEI
SIMULATION PARAMETERS
Circuit parameters Value Control parameters Value
DC voltage Uy 20 kV Reference active 3 MW
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power Py
Reference reactive
AC rated voltageUx 10 kV 0 MVar
power O
AC ph It Ref 1t
p. ase voltage 8.165 KV e* erence voltage 8.165 kV
amplitude U, Ua
Reference frequency
AC rated frequency fy 50 Hz ’ 50 Hz
Filter resistor R, 120 mQ | Time constant , 1 ms
. . 0.935 Current loop P
Filter inductor L, .. 0.935
mH coefficient &,
Current loop 1
Filt itor C, 9 uF 120
Hier capacttor Ly b coefficient k;;
Voltage loop phase
Load resistance R; 50 Q . 45°
margin y
Voltage loop P
Load inductance L, 1000 mH 8¢ joop 0.00373
coefficient &,y
. Voltage loop I
Load capacitance C;, 9 uF . 0.640
coefficient k;y
Load rated acti 2.00 Voltage d
oad rated active 0 a.gf.: roop 10 MW/KV
power Py MW coefficient m
Load rated active 0.036 Frequency droop 1.5
power Qo MVar coefficient n MVar/Hz

1) The Transition from the Grid-tied Mode to the Islanding
Mode

Active islanding detection methods can be applied to detect
islanding [17]. Assuming the islanding detection delay is 0.2 s,
then the simulation process can be separated into the following
two stages:

(1) The IFC is initially connected to the grid and is controlled
as a current source, however, at ¢ =1.5 s, the islanding occurs
and S, turns off.

(2) The detection time of islanding is from #=1.5 s to r=1.7 s.
At t=1.7 s the islanding detection is completed, S, turns off and
the IFC switches to be a controlled voltage source.

The simulation results with the conventional constant power
control are shown in Fig. 10. In a conventional constant power
control, the IFC is controlled to output constant power Py+jOso
to the critical loads, even when islanding occurs. In this case,
when the islanding occurs at # =1.5 s, Py is greater than Py,
which causes the load voltage magnitude to rise to 10 kV.
Similarly, the frequency also increases and exceeds the
maximum limit of 50.2 Hz since Qo is less than O1. Hence, the
load voltage and frequency during the islanding detection delay
are unacceptable.

AR b
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Fig. 10 Simulation waveforms with conventional control. (a) Load voltage. (b)
Frequency waveform.

The simulation waveforms using the proposed reverse droop
control are shown in Fig. 11. It can be observed from Fig. 11(a)
and Fig. 11(b) that the IFC initially injects a constant power
PytjOs0. When islanding is triggered at ¢ =1.5 s, PHjQs is
adaptively adjusting to the rated load power Pro+jQro. Thus, the
magnitude and frequency of the load voltage are maintained
within the allowable deviation range, as shown in Fig. 11(c)
and Fig. 11(d). Atz=1.7 s, when the islanding is confirmed, the
IFC is switched from reverse droop control to V-f control. In
this case, the load voltage and frequency are re-controlled to the
rated values, and the reference power value of the droop control
is automatically restored to Pyt+jQOs. It can be concluded that
the IFC output power decreases according to the surplus of
power with the proposed reverse droop control. The proposed
method is effective to improve the voltage quality without
harmful transients.
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Fig. 11 Simulation waveforms with the proposed reverse droop control. (a)
Active power. (b) Reactive power. (c) Load voltage. (d) Frequency waveform.

2) The Transition from the Islanding Mode to the Grid-tied
Mode

The simulation process from the islanding mode to the
grid-tied mode can also be divided into two stages.

(1) The IFC is initially controlled as a voltage source,
however, at £ =2.5 s, the main grid is recovered, S, turns on and
the pre-synchronization control activates.

(2) At t=2.7 s, the pre-synchronization is completed, S, turns
on and the IFC switches back to be a controlled current source.

The simulation waveforms are presented in Fig. 12. The load
voltage u, and grid voltage ug, during the pre-synchronization
process are shown in Fig. 12(a). Before ¢ =2.5 s, the
pre-synchronization control has not been adopted, the phase of
the IFC output voltage deviates from the phase of grid voltage.
However, when the pre-synchronization control is applied at ¢
=2.5 s, the synchronization is realized within 0.1 s. Fig. 12(b)
and (c) indicate that the IFC output power is automatically back
to Pyt+jQOso under the grid-tied mode after £ = 2.7 s.

CETREIEAAN AN AN
N WL UL
gl RN
MDA
|
(céooo mewwmwmm

2.00 225 2.50 275 3.00 3.25 3.50
Time (s)

Fig. 12 Transients from the islanding mode to the grid-tied mode. (a) Voltages
of pre-synchronization control. (b) Active power. (c) Reactive power.

B.  Experimental Results

To verify the proposed control strategy, a scaled-down
experimental platform is built based on TI's TMS320F28335,
which is illustrated in Fig. 13. The parameters are shown in
Table II. Since the conditions that Py> Py and Q<Qyo are
certified by simulations, hereby, Py< Pro and QOs>Qro
conditions are investigated in detail through experiments.

Fig. 13 A scaled-down experimental platform.

TABLEII
EXPERIMENTAL PARAMETERS
Circuit parameters Value Control parameters  Value
Ref ti
DC voltage Uy 200 V clerence active 168.75 W
power Py
Reference reactive
AC rated voltageUx 53V 0 Var
power Oy
AC phase voltage .
. 75V Reference voltage U, 75V
amplitude U,
Reference frequency
AC rated frequency f, 50 Hz ’ 50 Hz
. . 78.25 .
Filter resistor R, Time constant , 1 ms
mQ
C t] P
Filter inductor L, 0.54 mH urre}lI ooP 0.54
’ coefficient k,;
Current loop 1
Filt itor C, 9 uF 78.25
Hiter capacttor Ly v coefficient k;;
Voltage loop phase
Load resistance R; 25 Q R 45°
margin y
Volt 1 P
Load inductance L; 0 mH ° a.ge. oop 0.00373
coefficient &,y
Volt 1 1
Load capacitance C;, 39 uF ° avgci oop 0.640
coefficient k;y
Load rated active Voltage droop
337.5W . 50 W/V
power Py coefficient m
Load rated active -79.6 Frequency droop 300
power QOj MVar coefficient n Var/Hz

1) The Transition from the Islanding Mode to the Grid-tied
Mode

As in the simulations, the experiments are performed in two
stages:

(1) First, the IFC is connected to the main grid and is
controlled as a current source, then the islanding occurs and the
switch S, turns off.

(2) Secondly, the islanding gets confirmed, the switch Sc
turns off and the IFC switches to V-f control.

In the first stage, Fig. 14 shows the experimental results
when the IFC is controlled by the conventional constant power
control. Fig. 15 exhibits the experimental results when the
proposed reverse droop control is applied. For both Fig. 14 and
Fig. 15, the grid-tied current 7y, drops to 0 denotes the triggering
of islanding. In Fig. 14, the magnitude and frequency of the
load voltage decrease to 53 V and 40 Hz respectively due to
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Py< Proand Qx>QOro. These deteriorations are caused by the
mismatch between PytjQOso and Pro+jQro. Furthermore, in Fig.
15, the output power of the IFC is adaptively adjusted to the
rated load power Pro+jQOro with the proposed reverse droop
control. Thus, the load voltage magnitude and frequency are
maintained within the allowable deviation range. The proposed
reverse droop control significantly improves the quality of
voltage and frequency as compared to the traditional constant
power control.

It should be noted that the poor quality of the grid-tied
current waveform is caused by the weak AC grid with a large
number of nonlinear devices. The current harmonics generated
by these nonlinear devices introduces a large number of
harmonics into the PCC voltage through the line impedance
[30]-[33]. Thus, the grid-tied current is distorted. In addition,
the experimental platform we built is a scaled-down version,
whose grid-tied current magnitude is only about 2A. This
makes the distortion effect of harmonics on the grid-tied current
more obvious. Various literature have analyzed this
phenomenon and proposed several methods to suppress the
harmonic distortion of the grid-tied current [31]-[33].

Another phenomenon that needs to be explained is the
reactive power oscillation under the grid-tied mode, as shown
in Fig. 15 (a). The reason is that there is an error between the
PLL output phase and the PCC voltage phase during the IFC
start-up transient. Due to the resistive line in the low voltage
grid, this phase error causes reactive power to oscillate under
the grid-tied mode. However, the reactive power oscillation
disappears in the steady state. As can be seen from Fig. 17, the
reactive power does not oscillate after the pre-synchronous is
completed.

Gnd tled mode

. qﬁup“tu

Islanding detection delay

’\w'l |l &*vq-’rvm-\mnn—m

Islanding occurs

B

£(50 Hz/div) 1, (50 V/div) Igq (4 A/dlv)
w

£ (25 ms/div)

Fig. 14 Experimental waveforms with conventional control.

Grid- t:?d mode Islanding detection delay

o WA jw;\wd.ﬂ 2o

Islanding occurs

e o gt g Ay

0,(500 Var/div) Py (500 W/div) g, (4 Aldiv)

£ (25 ms/div)

(a)

* Grid-tied mode Islanding detection delay

T

Islanding occurs

tatpding bt bt .rr.L[M'.’ . .-,.-u—m»l:-lwl-ll.;»--.\u

(SO HZdV) 1 (50 VIdiv) iga (4 Aldiv)

£ (25 ms/div)
(b)

Fig. 15 Experimental waveforms with the proposed reverse droop control. (a)

Power waveforms. (b) Voltage and frequency waveforms.

In the second stage, the islanding detection is completed and
the mode switching signal, i.e., Flag-mode, which steps from 0
to 1, is shown in Fig. 16. This leads to the turning off of switch
S. and the changing of the IFC to the V-f'control. As observed in
Fig. 16, the load voltage waveform changes smoothly.

flslanding detection delay,

Flag-mode.
| PR

Islanding mode
= .r....\.,.rﬂ-..r.,-m epapmieg]

'€~ To V-fcontrol

U, (50 V/div)

£ (25 ms/div)

Fig. 16 Experimental waveforms when the IFC is switched from reverse droop
control to V-f control.

2) The Transition from the Islanding Mode to the Grid-tied
Mode

There are two main stages to achieve the transition from the
islanding mode to the grid-tied mode.

(1) First, the IFC is with V-f control during islanding mode.
However, when the main grid is recovered, the switch S, turns
on and pre-synchronization control is applied.

(2) Secondly, after the completion of synchronization, the
switch S turns on while the IFC switches to reverse droop
control.

The experimental results are shown in Fig. 17. The
synchronization signal is denoted as Flag-syn in Fig. 17(a),
when it steps from O to 1, the pre-synchronization control
activates and the load voltage synchronizes with the grid
voltage. Fig. 17(b) presents the waveforms of the grid-tied
current, load voltage, IFC output active and reactive power
when the IFC is switching from the V-f control to the reverse
droop control. It is noted that there is no voltage distortion
during the transition process. Under the grid-tied mode, the
output power of the IFC is smoothly tracked back to the
reference power Py+jQs0. Since the power flows from the main
grid to the critical loads, the phase angle of the grid-tied current
ig Temains opposite to the phase angle of the load voltage.
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Fig.17 Experimental waveforms from the islanding mode to the grid-tied mode.
(a) Waveforms when pre-synchronization control is applied. (b) Waveforms
when the IFC is switched from V-fcontrol to reverse droop control.

VI. CONCLUSION

In this paper, a reverse droop control-based strategy is
proposed to realize smooth transfers between the grid-tied
mode and islanding mode for IFCs in AC/DC hybrid
distribution networks. By adaptively tracking the IFC output
power to the rated load power, the proposed control strategy
enables an uninterrupted and qualified power supply to AC
critical loads during islanding detection delays. In addition, a
universal parameter design method is presented based on the
stability analysis and the voltage quality requirements.
Compared with the existing methods either suffering from poor
voltage quality or complex structures, the proposed method
facilitates smooth transitions in a simple but effective approach.
Also, it is convenient for engineering implementation.
Simulation and experimental results clearly validate the
excellent behavior of the proposed control strategy.
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