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ABSTRACT: Input-Parallel Output-Parallel DC-DC converters are convenient for high voltage and
high current applications. One important goal of this type connection is to power-share and reduce
circulating current between the converters. Therefore, control methods for power-sharing between
converters should be used when the parameters mismatch. In this paper, a configuration comprising
two DC-DC common grounded Z-source converters with Input-Parallel Output-Parallel connections is
presented, which common grounded Z-source converter have advantages over similar converters. This
study proposes two control strategies: (1) a decentralized inverse-droop control, (2) a general control
strategy. Inverse-droop control is a simple method and does not need any communication between
parallel converters. In the general control strategy, each converter is self-contained, and no external
controller is required for achieving input/ Output Current Sharing, and a few wires are needed to create
the entire system. The simulation results of an Input-Parallel Output-Parallel system comprising two
common grounded Z-source converters are evaluated for investigating effectiveness of general control
and inverse-droop control. It reported performance of the general control method to be better than the
decentralized inverse-droop control method, which enhances the stability and dynamic characteristics
of the system. The validity of the two control strategies has been studied through MATLAB simulation
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and the results were satisfactory.

1- Introduction

The concept of microgrids (MGs) for energy production
and better usage of small-scale Distributed Energy Resources
(DERs) has been introduced. When Distributed Energy
Resources, such as diesel generators, wind turbines, fuel
cells, and photovoltaic systems, are connected to the grid,
energy management becomes important. The microgrid can
be used in the state of grid-connected or islanded form. It
is very important to control an MG due to its automation in
both islanded and grid connected modes of operation. The
most important challenges in MGs protection and control
include uncertainties, dynamic modeling and stability, where
control and reliability issues are more significant in island
mode [1]. There are many control strategies for connecting
microgrids in power grids [2]. The reduction of fossil fuels
and growth in energy demand have led to an interest in using
renewable energy resources. Environmental issues arise due
to conventional power generation [3]. These clean sources
have mostly been reversed at zero minimal cost, since their
progressive affect leads to less market prices [4]. DC-DC
converters have many applications in renewable energy and
microgrids. Therefore, a lot of research is being conducted on
DC-DC converters. The combination of DC-DC converters
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has advantages, such as high reliability, standard modular
production, and flexibility [5]. Input-Parallel Output-Parallel
(IPOP) configuration allows low-power converters to be used
in high-power applications. Connecting the converters in
parallel is an effective and reliable method to increase the
power of converters. This type of connection has several
advantages: the distribution of power losses, heat stress
from each power switch, and magnetic components in each
converter. Parallel converters have more advantages than
single converters, such as high power, centralized power
supply, wise performance, higher efficiency, good dynamic
response, and excellent load regulation [6]. Different reasons
may make the production of circulating currents that will
be explained in this paper. Circulating currents generated
due to uneven values of Z-source DC-DC converter output
currents will be considered in this study. Circulating current
can lead to power losses. It can likewise overload converters
and generate differences in current sharing [7]. One of the
major objectives of the IPOP converter is the current sharing
between the converters and reduction of circulating current,
despite the mismatch parameters, and different control
methods are used to solve this problem. Different control
strategies are discussed in this research to solve the issues
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of equal current sharing, voltage stability, and reduction
of circulating current. Many centralized and decentralized
control methods have been proposed. For example, Droop-
Index (DI) strategy for calculating R dt00p in IPOP connection
converters has been discussed to improve current sharing
and reducing the circulating current between the converters
in [2,8]. Droop control is proposed in [9]. In droop control,
each converter is self-contained, controlled alone, and does
not communicate with other converters; therefore, the system
is reliable and flexible. In addition to the above discussed
advantages, droop control has its limitations [10]. One the
weaknesses of conventional droop control is that the output
current is linearly increased with a decreasing output voltage,
which will cause poor voltage regulation. The mismatch
in output voltages can produce rise to circulating currents.
Higher droop rates can produce fewer current sharing errors,
but negatively influence the output voltage. Hence, there
is an obvious tradeoff between current sharing and voltage
regulation. A decentralized inverse-droop control method for
power-sharing between Input-Series Output-Parallel (ISOP)
converters is proposed in [5]. Conventional droop control
method has disadvantages, such as poor voltage regulation,
which the inverse-droop control method has eliminated
this shortcoming. In [6], A common-duty-ratio control
strategy for IPOP converters is suggested. In this method, it
has the proper current sharing without direct control of the
input/ Output Current Sharing. A general control for ISOP
converters is proposed. The designed control can be easily
implemented to all four connection architectures ISOP, IPOP,
Input-Parallel Output-Series (IPOS), Input-Series Output
Series (ISOS), and the converters can be connected to any
number. In this scheme, not only in a steady state but also
in a transient state, input/output, voltage/current can be
divided [11, 12, 13]. An interleaving control strategy in [14]
is proposed to improve the performance of IPOP connection
converters. In this method, the interleaving control strategy
will improve performance of the converters, reduce the size
and stress of the input capacitor, and increase the reliability
of the system. A new wireless control strategy [15] for the
ISOP connection converter based on the positive output-
voltage gradient technique is offered. There is no control
interconnection between the converters, which increases

the system’s reliability. GA-based PID controller [16] is
proposed for current sharing in the transient and steady-state
of IPOP converters. The decentralized control [17] for ISOS
connection is suggested. The main feature of this method
is that it does not need a control connection link among the
converters, which leads to high reliability.

Unfortunately, the conventional controller does not come
up with the expected improvements to regulate the load
voltage and decreasing circulating current among parallel DC-
DC converters. Therefore, general control and inverse-droop
techniques, are proposed to achieve this goal. The advantage
of a general control strategy is that it can be used for all four
connection architectures (ISOS, ISOP, IPOP, IPOS). The
converter can be connected to any number. With inverse-droop
control, Output Current Sharing (OCS) and Input Current
Sharing (ICS) can be obtained as well. The rest of this paper
is organized as follows: Section 2 presents the small-signal
modeling of the common grounded Z-source converter. Next,
by using the bode plots, a suitable compensator is designed.
In Section 3, the operating principles of IPOP converters
consisting of two DC-DC converters are described. The
implementation of the inverse-droop control scheme and the
general control strategy for the IPOP connection architecture
are described in Sections 4 and 5. In section 6, using the
bode plot, the IPOP system’s stability is analyzed, and the
compensator parameters are designed. The simulation results
of an IPOP system consisting of two common grounded
Z-source DC-DC converters are presented in Section 7. The
conclusion is presented in Section 8.

2- 2. Modelling Common Grounded Z-Source DC-DC
Converter

2- 1- 2.1. Configuration of the Z-Source Converter

Fig. 1 illustrates the common ground Z-source DC-DC
converter. This dc-dc converter is based on the Z-source
network, which consists of a conventional common Z-source
network and an added diode and capacitor. The converter
increases the circuit application compared to the conventional
Z-source converter. It has a more efficient performance in
protection issues. Additionally, the smaller inductor is another
advantage of this converter [18].
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Fig. 1. Common grounded Z-source converter structure
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Fig. 2. Switch on and off states for the common grounded Z-source converter (a)
First state, the switch is on, (b) Second state, the switch is off

The converter is a DC-DC converter with two states in
one switching period. These two states are called on and off.
In on-state, the Switch (S) is turned on; otherwise, in off-state,
the switch (S) is turned off. The analysis is performed under
the theory that the inductors’ current is in the same direction,
and the voltage of the capacitors is constant. To complete
the DC-DC converter analysis, its dynamic state has been
investigated, which is used to design a suitable compensator.
Study of transient and stability performance require the small-
signal model of the converter [19]. In state-space modeling,
state-space equations are obtained for each converter state
[20]. Analysis of the State-Space Average model (SSA)
of the DC-DC converter is calculated by considering two
assumptions| :) The converter operates in CCM mode 2) All
converter components are ideal. First, the equations of the
State-Space Average model are obtained for the converter
shown in Fig.1. Next, using the equations, transfer functions
for the converter are obtained. Using the transfer functions
and the bode diagram, the controller is designed.

2- 2- Analysis of On-State

Due to the impedance network’s symmetrical structure,
the inductor currents L, and L, are equal during operation.
Additionally, in steady-state and transient conditions, the
voltage of capacitors C, and C, is equal. During on-state, the
switch is on and there are three loops, as mentioned in Fig.
2a. In on-state, diodes D, and D, are blocking, and diode D, is
conducting. The first loop consists of L, - C,, and the second
loop consists of L,, C,, C,, D,. The third loop is the load (R)
and the capacitor C,. Using the equivalent circuits of the
switching states in Fig. 2a, the state-space model of on-state
can be written as:
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2- 3- Analysis of Off-State

During the off state operation, the switch is off and the
circuit contains three loops, as shown in Fig. 2b. When
the switch is off, diode D, is blocking and diodes D, and
D, are on. The first loop consists of the voltage source and
diode D, capacitor C,, and inductor L, and the second loop
consists of inductor L, capacitor C,, diode D,, and capacitor
C,. Capacitor C, is discharged in the last loop, causing the
load current to be continuous and not interrupted. Using the
equivalent circuits of off-state in Fig. 2b, state-space models
of off-state can be written as:
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A . and Bavg are calculated as follows:

av,

di, ]
dt
av,
. a Ay =DxA, +(1-D)x A4,
X =AypX +Bo,U = |7 .
dt BavgszBon+(1_D)XBaj]'
dVC4
L dt |
M 1 T (2)
0 —-—— 0 0 - 0 According to (1), (2), (6), and (7) the small-signal models
| L 1 | are as follows:
—— 0 0 0 L — o,
c 00 0 0 -= in
1 0 0
0 0 0 - L ]
L C xR |
LSi.i(s)=(2D —1y.(s)+(1-D)
Therefore, x.vector of the converter is defined as follows: v (s)+2 dAVC (s)— c?Vm s)
CSve(s)=—ir(s)+(1=D)in(s)—d I, (s)
A 4-3D » n
X =[i, Ve Voo Vel 3) CSV ()= (= )ie(s)+ (D =Din(s)+ (8)
20 () =2a 1, () +d I, () + (= xV ., (s) xd)
2R c4 2 L in 2R Cc4
. . . A -2+D » -D_ »
The input vector(u) is defined as follows: CSvea(s)=( R Wea(s)+ (T)l L) -
(%XIL(s)xﬁ)+(%ch4(s)xc§)
u@y=[v, i,]' )

Small-signal analysis is used to get transfer functions
of the converter. Small signal models are obtainable with With respect to the small-signal models of the converter,
perturbation theory in the State-Space Averaged models [21]. open-loop transfer functions can be obtained as follows:
According to the small-signal method [21], input voltage,
state variables and duty cycle (d), and output voltage consist
of two parts: DC values (U, V,, X, D) and perturbations (

A

ww.,x,d) thatare: GVd(S):v_": (2D -1)x-DR lein)
" (2RCS +2-D)x(LCS*+2D -1)
d
X R . . (-2RDLC xV . xS*) N
u=U+u,v, =V, +vo,x=X+x,d=D+d ®) (2RCS +2-D)x(LCS* +2D -1) ©)
(<RI, +V, )x(LCS® +2D -1))
Small-signal model is as follows: (2RCS +2-D)x(LCS* +2D -1)
4R(LCS*+2D -1)
i (2RCS +2-D)x(DLCS*xV,)
x

C-a,, x+ B ut[(4,~4,)X+(B, B, )U|xd (©
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Table 1. Key parameters values

parameters symbol values
input voltage Vin 30V
output voltage Vo 240 V
individual Li, Lo 1 mH
Individual Ci1, C2, Cs 680 uF
output capacitor Cq 680 uF
switching frequency fsw 25 kHz
resistive load RL 250 Q
duty cycle D 0.4
As it can be seen from Fig. 3a, the phase margin for G, is
A decreased to 41.5°. The compensator of the G is as below:
Vo -D(1-D)RCxS
Gy (8)=—= 2 (10)
(LCS"+2D-1)x(2RCS+2-D) 1+0.225)1-+190
in + . +
G, =0.1275x~ $)1 +1905) (13)
s(14+2.4e7s)(1-1.8s)
A As shown in Fig. 3b, the phase margin and gain margin
G, (8) = Yo —DLR(1-D)xS§ (11 for G, after compensation are 45.1" and 5 dB, respectively.

- (LCS" +2D-1)x(2RCS+2-D)

Rated circuit parameters values are shown in Table 1.

According to the values of Table (1) in G, per d=0.4
and R=250Q, a zero is seen on the right-half of the S-plane
(RHP zero), which makes the system unstable. To solve the
instability, by using the Bode diagrams, the parameters of
the compensator for G , G, and G, are designed. Phase
margins of the transfer functions with PM are shown in Fig.
3. Considering the starting phase (360°+), the criterion for
measuring the phase margin is +180°. As can be seen from
Fig. 3a, the phase margin of G ;is +90". To achieve the desired
phase margin (40°-60°), The compensator is calculated by Eq.

(12).

(s +100)
(s +10)

G, =10x (12)
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The compensator of the G, is defined as follows:

(140.24s)(1+350s)
s(1+6.7¢75)(1-6.35)

G. =0.1875x (14)

According to Fig. 3c, the phase margin and gain margin
for G, after compensation are 59.1" and 6 dB, respectively.

3- Principles of Operation of IPOP Converters Consisting
of Two Common Grounded DC-DC Converters

The IPOP structure consisting of two common grounded
Z-source converters, is shown in Fig. 4. This type of connection
allows the components of each converter to withstand part of
the total power. V, is the input voltage, and /, ,, I, ,and I, are
the input current of the first converter, second converter, and
the input current, respectively. 7 , I ,, and /, are the output
current of the first and second converters and the load current,
respectively. Assuming that all the parameters of the two
converters are same and the system is in a steady state.
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Fig. 3. Bode diagrams of the transfer functions for D= 0.4, and the parameters in
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Fig. 4. The topology of the IPOP system

3- 1- IPOP DC-DC Converter Small-Signal Analysis

Using the small-signal model of the common ground
Z-source converter, the small-signal model for the IPOP
system consisting of two common grounded Z-source
converters is calculated. By substituting 7, /n instead of T
and ], /n instead of 7, (n denotes the number of converters),
the resistance load of each converter is #R, . The small-signal
models are as follows:

LSii(s)=(2D ~1).(s)+(1-D)
Vi(s)+2dV(s)=dV, (s)

CSVAC(S)=—;L(S)+(1—D);in(s)—dAI%(S)
4-3D
2

CSv () = (C22)i 1 (s)+ (D —1)im(s)+

D3 (15)
Gooweao)=2d 1,6)+d o 5+

1 A
(ﬁXV(m(S)Xd)

CSVc4(S) :(

-2+D
n

— )v“c4(s>+(?)z§<s>—

1 A 1 A
(XA ()xd)+(V eqls)xd)

The transfer functions are as follows:
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. (2D -1)x-DR x1,))
(2nRCS +2-D)x(LCS* +2D —1)
(=2nRDLC xV . xS?)
(2nRCS +2-D)x(LCS* +2D -1)
((-nRI, +V4)x(LCS? +2D -1)
(2nRCS +2-D)x(LCS* +2D 1)
4nR(LCS*+2D 1)
(2nRCS +2-D)x(DLCS* %V ,)

vd

(16)

DI, /n(2D —1)~2DCV .S ~CV DS
(LCS?>+2D —1)(2nRCS +2-D)

o _
d
1

+5UoIn=1))

G, =

[l

(17

The main purpose of the [IPOP connection is to power-
share and reduce the circulating current among the system’s
converters. For this purpose, sharing input current and output
current equally between the converters of the IPOP system
needs control methods. Parameter’s mismatch of the parallel
connected converters disrupts the system. For power-sharing
between the converters, despite such disturbances, the system
must keep up its stable state. Therefore, the following two
control methods have been used in this paper:

1. Inverse-Droop Control

2. General Control Strategy



N. Amoozadeh and V. Abbasi, AUT J. Electr. Eng., 55(1) (2023) 61-80, DOI: 10.22060/eej.2022.21587.5484

Ry
| 1oy |

Toltage
;vj]
“refZ
Vo
: E Rrrroopl
i H
i E Rrb’oop;'

loz io1 Current

(@

Fig. 5. Conventional droop control (a) Droop regulation characteristic of two paralleled
converters with resistive load (b) Control diagram for module #1
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Fig. 6 Inverse-droop control (a) Inverse-droop regulation characteristic of two par-
alleled converters with resistive load (b) Control diagram for module #1

4- Operation Principle of IPOP Converters with Inverse-
Droop Control

Conventional droop control strategy is based on the
output voltage droop when the load current increases. The
best power-sharing between the converters is created with the
method based on adjusting the output impedance. The current
sharing based on the droop control strategy depends on the
slope of the load regulation curve of the parallel connection
converters. The output voltage of each converter decreases as
the output current increases. The relation between the output
current and voltage reference indicates as follows [22]:

V

ref 0/

i, (R (18)

droopj )

m/, V. (] 1,2...,n), I andR dnmp/.arethereferencevoltage,
the output voltage, the output current and the droop virtual
resistance, respectively. The conventional droop regulation
characteristic of two converters is shown in Fig. 5. As can
be seen, current sharing can be achieved well, but the voltage
regulation weakens and output power loss increases with
an increase in R, . The power- sharing is improved with
this control strategy [23]. Fig. 5b illustrates a conventional
droop control diagram, and ¥V, and R are the output
voltage reference, feedback of output Voltage and the droop
coefficient, respectively.
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Fig. 6 depicts the decentralized inverse-droop control.
The difference between the conventional droop control with
inverse-droop control is the positive feedback polarity of the
output current instead of negative polarity.

The inverse-droop control diagram for IPOP DC-DC
converters is mentioned in Fig. 7. As illustrated, there is no
Input Current Feedback. Thus, the ICS loop does not exist
in control. The ICS can be obtained when OCS is obtained
and vice versa. Therefore, the diagram block of each
converter only uses the output current and the output voltage
of the converter. Consequently, it is decentralized, and no
communication is needed between the controllers. For G,
a PI controller is used (G is G ,); the coefficients of this
controller are calculated from the bode plot.

4- 1- Output Current Sharing and Circulating Current

Fig. 8 shows steady-state equivalent circuit of two parallel
connected DC-DC converters [2], where Voer Voer Lop
I,, R, R, and I, are output voltages of converter 1 and
converter 2 the output currents, the cable resistances, and the
circulating current between the two converters, respectively.
To divide the output current and the circulating current based
on the output voltages of the converters, resistance of the
cables for all four connection architectures are listed in Table
2] 2]. Connecting a series resistor (R, ) with each converter
reduces the circulating current.

droop
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Fig. 7. Inverse-droop control diagram for n-module IPOP DC-DC converter
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Fig. 8. equivalent circuit for the dc output side

Table 2. Case studies for load sharing and circulating current

case loi, o> Vber, Vbez R;, R> Ici2/lcai
1 equal equal equal 0
2 different equal different 0
3 different different equal Not zero
4 different different different Not zero
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Based on Kirchhoff’s law (KVL) in Fig. 8 [2]:

VDCl _R1101 _RLIL =0

(19)
Voer =R 1, =R, 1, =0
The output currents in the converters are as follows:
_ (Rz + RL)VDC] _RLVDcz (20)
" RR,+RR, +R,R,
— (Rl + RL)VDcz — R, Ve 21
2" "RR,+RR, +R,R, 1)
J. = :VDCI_VDCZ —
cl12 c21 R +R,
I, -1
‘ 5 2;R =R, (22)
IR —I,R
171 272 5R1 £ R2
R, +R,

According to (22) in parallel connection converters, if the
output current difference between the two converters is zero,
the circulating current becomes zero.

4- 2- Droop-Index Calculation

Droop-Index (DI) is a function of the normalized output
currents difference and output power loss. Due to the DI, the
proper droop coefficient (R Dmup) can be obtained [2].

Droopindex = min[%

( Ni + (Plnss )Np )]

N. and N, are stands for normalization of current sharing
difference based on the rated load current and output power
loss based on maximum acceptable losses in terms of
converter rated power, respectively.

(23)

[, —1

ol 02

70

24

R

droopl = RdmopZ

(25)

Power losses and current differences are calculated as
follows:

Boss = 1021 (Rl + RDroopl ) + 152 (R2 + RDroapZ) (26)
L,-1,|= MV, =myVpe, +2(x =DV, 00 R, |(27)

m’y+mR, (y+1)

The relationship between the normalized output current
difference and normalized losses with respect to the
parameters of Tables (1), (26), and (27) is demonstrated in
Fig9 .

It is obviously shown that by increasing R o the output
power decrease. Thus, the efficiency decreases and the output
current difference is reduced. Fig. 9 depicts the proper R
value, which is equal to 0.29.

Droop

5- General Control Strategy

In general control, at least two control loops are required
in the four connection architectures, one loop to regulate
the converter’s output voltage and another control loop to
divide input voltages/currents or output voltages/currents.
The two control loops operate by varying the duty cycles
of the converters. The different duty cycle may affect both
the converter output voltage and the sharing input/output
voltage/current converters. Therefore, these two control
loops may be coupled and lead to problems in the design of
the loops. The proposed general control strategy separates
the two control loops. As illustrated in Fig. 10, a general
control method is suggested for DC-DC converters in four
connection architectures. The output voltage control loop of
the system ensures the desired output voltage of the system.
V. .,denotes the control signal that is the result of regulates
the output voltage, which is used to generate the common
signal duty cycle d‘,aj G=1,2...,n). I/Suis the control signal
average value of total input/output, voltages/currents, divided
between the converters, and ¥, (j = 1,2..., n) indicates the
input or output variable of each converter. For [IPOP systems,
VS@iS the / /n,and V, " is the output current of each converter.
These signals are fully described in Table. 3. It shows that
the general control strategy of the Output Voltage Regulation
loop of the system decouples the input/output variable sharing
loops.
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Table 3. Introduction of general control method inputs for four connection architectures

Architecture Vsn =1, 2..., n) Vishg
I[POP Iinj o1 Ioj Liv/nor Io/n
IPOS Iinj or Vo in/n or Vo/n
ISOP Vinj or Loj Vin/n or lo/n
ISOS Vinjor Vo Vin/n or Vo/n
T T e =

Input Ontpud variables
shariug control loops

O O

—_
=
~

| I th-c

O

| 1
| Quitput loltage loop

L lh

CONVERTER
DC-DCHT

CONVERTER
De-Deyz

CONVERTER
DC-DCin

VD ISOP and ISOS
+ 1POP and IPOS

Fig. 10. General control strategy for series-parallel DC-DC converters

5- 1- OVR and OCS Loops Gain

As described in the Table. 3, for parallel connection DC-
DC converters, Output Current Feedback (OCF), or Input
Current Feedback (ICF) control scheme is used. In this paper,
the OCF control theory is used. The OCF control scheme
consists of two control loops, a common loop of Output
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Voltage Regulation (OVR) and individual loops of OCS. In
each loop, a compensator is used to adjust the stability of
the system. To use the bod plot criterion for stability of the
system, loops gain is required, which OVR loop gain and
OCS loop gain are:
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]:/0 (S) = _ndeGvo (S)Gvd (S) / VM (28)

7;0 (S) = KidGio (S)Gid (S) / VM (29)
6- Stability Analysis for Two IPOP Common Grounded
Z-source DC-DC Converters

Compensator parameters of the gain loops are designed
using the bode plots. Using gain and phase margin, the
distance between the system and the instability boundary is
determined. For the design of OCS and OVR loops gain, an
IPOP system consisting of two Z-source converters according
to the parameters of Table (1) is considered. Substituting (16)
into (28) the bode plot for OVR loop gain, as can be noticed in
Fig. 11. In the case without a compensator, the gain crossover
frequency, the phase margin, and the phase crossover
frequency are 15.4 Hz, -88.6" and infinite, respectively, that
demonstrate instability of the system. However, small phase
margin causes low damping and high overshoot.

A proper phase margin improves the system transient
response. The PI compensator transfer function for the OVR
loop gain is as follows:

0.025
s

G,=0.001+ (30)

Bode plots of the OVR loop gain with the compensator
and without compensator are shown in Fig. 11 (the phase
margin is 66.1after the compensation). If all interconnected
converters had the same parameters, the existence of an OCS
control loop was unnecessary. However, parameters mismatch
is not possible in practice. Therefore, the OCS control loop is
required. Substituting (17) into (29) bode plot for OCS loop
gain is shown in Fig. 12. OCS loop feedback is positive, and
loop gain is negative. In Figure. 12, by removing the negative
link, the criterion for measuring the phase margin is +180°,
which shows instability of the system. To stable the system,
a PID compensator for the OCS loop gain is obtained as
follows:

Bode Diagram
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T
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0
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Fig. 11. Bode plot for OVR loop gain with compensator and without compensator
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Fig. 12. Bode plot for OCS loop gain with compensator and without compensator
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Fig. 13. Output voltages (a) without control (b) with inverse-droop control (c) with general control
Table 4. Comparison of output voltages in three methods
Time(s) Vo (withoutcontrol) Vo (inversedroop) Vo (general control)
0-0.1 297.4 161.1 163.6
0.1-0.3 226.3 237 237
0.3-0.5 229 239 239
0.5-0.7 226 240 240
input voltage is 30V, and when in time 0.5s the R, from
600 250Q2 to 125Q in the conditions that parameters mismatch.
G, =0.278+——+0.0007s (31)
S

According to Fig. 12, the phase margin after the
compensation is 63.2°.

7- Simulation Results

According to Table 1 and using the simulation results,
a comparison among the without control, the inverse-droop
control, and general control strategy in the mismatch of
parameters is performed (L, L, =ImH and L , L, =1.5mH)
and (C,, C,, C,, C,=680uF and C,,, C,,, C,, C,,=680uF).
The simulation shows the output voltage response, output
currents and input currents, and circulating current when the
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7- 1- Output Voltage Simulation Results

Figl3., displays the output voltage without control, with
the inverse-droop control and the general control strategy
despite the parameters mismatch. By comparing these three
methods, it can be perceived that in the mismatch technique
X, the output voltage does not reach the reference voltage
(240V) and has a voltage drop of 11V. However, in the
two methods of droop and general control, the voltage has
remained well constant at the reference voltage of (240V). As
shown in Fig. 13 and Table 4, voltage of the system without
control method stabilizes in over 0.4 seconds, but the system
with the inverse-droop and general control voltage stabilizes
in less than 0.4 seconds.
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Fig. 14. Output currents (a) without control (b) with inverse-droop control (c) with general control

Table 5. Comparison of the output currents in three methods

Time(s) o1 -Ioz-IL(A) loi-lo2- To1 -Ioz-IL(A)
(withoutcontrol) IL(A)(inversedroop) (generalcontrol)
0-0.1 0.55-0.63-11.9 0.33-0.31-0.64 0.32-0.32-0.65
0.1-0.3 0.4-0.49-0.9 0.47-0.47-0.94 0.47-0.47-0.95
0.3-0.5 0.41-0.5-0.91 0.49-0.46-0.96 0.48-0.48-0.96
0.5-0.7 0.82-0.98-1.8 0.97-0.94-1.92 0.96-0.96-1.92

7- 2- Output Currents and Load Current of Simulation

As can be seen in Figl4., the output currents and load
current without control, with the inverse-droop control and
with the general control strategy are the mismatch parameters.
Comparison between the methods validates current sharing
between the converters when inverse-droop control and
general control are used. According to the parameter values,
the nominal load current is 0.96 A, so each of the converters
has a nominal output current of 0.48A. Referring to Fig. 14,
and Table 5, the general control method divides the currents
more accurately and better than the other two techniques.
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7- 3- Input Currents Simulation Results

Figl5. shows the input currents without the control
method, with inverse-droop control and general control. By
comparing the three methods, it seems that current sharing
among two converters is better in the two methods with
controllers. According to Table 1, nominal total input current
is 7.68 A, so each of the converters has a nominal output
current of 3.84 A. Fig. 15, and Table 6 demonstrates that the
general control method divides the currents better than the
other two methods. Thus, despite the initial prediction, the
inverse loop control does not share input current properly.
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Table 6. Comparison of input currents in three methods

Time(s) Tin1-Tin2-Tin(A) Tin1-Tin2-Tin(A) Tin1-Tin2-Iin(A)
(withoutcontrol) (inversedroop) (generalcontrol)

0-0.1 0.72-0.44-11.7 6-6.6-12.66 6.5-6.8-12.9

0.1-0.3 0.61-0.51-11.3 5.7-5.3-11 5.6-5.6-11.2

0.3-0.5 4.69-4.7-9.4 5.5-4.9-10.4 5.2-5.2-10.4
0.5-0.7 8.34-8.32-16.6 9.4-8.88-18.3 9.08-9.19-18.28

7- 4- Simulation of Circulation Current

Using the results in Fig. 16 and Table 7, it can be
concluded, circulating current is reduced, in the systems with
inverse-droop control and general control. In the general
control method, the circulating current is more reduced,
which proves effectively of the method from this point of
view. For example, in time 0.5-0.7, circulating current in
general control is 0.0000446 A, but in the inverse-droop
control is 0.025. Additionally, with low circulating current,
small losses are observed in the system with general control
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7- 5- Comparison of Circulating Current

The results of circulating current simulation in this study
are compared with the results of Ravi Kumar Gupta [7]. In [7],
using the controller, the output current of both converters is
almost the same. The RMS of the circulating current changed
from 0.5545A to 0.1125A. According to Table 7 of this
paper, the circulating current between two parallel common
grounded z-source DC-DC converters in the inverse-droop
method is 0.0188 A, and in the general control method is
0.00000238 A.
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Fig. 16. Circulating current (a) without control (b) with inverse-droop control (c) with general control

Table 7. Comparison of circulating current in three methods

Time(s) Lei2 (A) (without control)  Ici2 (A) (inverse-droop)  Lei2(A) (general-control)
0-0.1 0.0435 0.0095 0.000122

0.1-0.3 0.045 0.0035 0.000021

0.3-0.5 0.045 0.0188 0.00000238

0.5-0.7 0.89 0.16 0.0000446

In [24], an improved dynamic consensus-based distributed
secondary control is proposed for a DC microgrid with
converters of different rating connected in parallel operation.
Load current is shared among converters according to their
respective ratings. Compensated droop control is designed to
minimize the circulating current through average circulating
current control and can achieve the desired current sharing
ratio.

Figs. 17 and 19 depict simulation for the system circulating
currents without circulating current control and circulating
current reduced with circulating current control of paper
[24]. Note that in Fig.17, circulating current of converter
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1, icl, changes from 1A (before load change) to 1.8A (after
load change), and converter 2, ic2, changes from —1A (before
load change) to —1.8A. We can see in Fig. 19 that circulating
current in converter 1, icl, changes from 0.3A (before load
change) to 0.49A (after load change) and converter 2, ic2,
changes from —0.3A (before load change) to —0.49A. Figs.
18, 20 and 21 indicate simulation for the system circulating
currents without control and droop control and general
control under no-load in this paper. In Fig. 18, the circulating
current is 0.0388A. We can see in Fig. 20 that the circulating
current is 0.0326A. Note that in Fig. 21, circulating current
is 0.008A.
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8- Conclusion

One of the important goals in [IPOP connection converters
is power-sharing and reduction of circulating current among
converters. For this purpose, we need control methods so that
the input current and the output current are evenly divided
between the converters. One of the most popular decentralized
methods is the droop control method. Conventional droop
control method has its disadvantages, such as poor voltage
regulation, which the proposed inverse droop control method
has eliminated, which is one of the most efficient centralized
methods is the general control method. This paper proposes
inverse-droop control and general control strategies for an
IPOP connection between DC-DC converters. Decentralized
inverse-droop control does not require communication
among converters, which will increase capability, reduce
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cost, and complicate the system. The general control can be
implemented for all four architectures: IPOP, IPOS, ISOS,
ISOP without changing the structure, but the inverse-droop
control is applicable only for two IPOP, ISOP architectures.
The simulation results illustrate that the general control
strategy has more excellent power-sharing (OCS and ICS)
and dynamic characteristics than the inverse-droop control,
even with parameters mismatch between the two converters.
In the general control method, by dividing the Output Current
(OCS), the input currents will be divided automatically. There
is no need for separate control to divide the Input Current
(ICS) and vice versa. The simulation results display the
general control causes perfect current sharing and improves
efficiency due to reduced circulating current.
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