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ABSTRACT The connection of single-phase AC loads to a DC microgrid not only large secondary currents
flowing into energy storage units with droop control cause, but also lead to secondary voltage ripples
appeared on the DC bus, which seriously affects the normal operation of DC microgrids. In this paper,
the secondary currents and voltages can be suppressed simultaneously by means of reconstructing the
output impedances of energy storage converter and active capacitor converter. The main characteristics,
impedance model, control strategies, and system stability in terms of secondary ripples are comprehensively
investigated. Particularly, it is shown that the output impedance of the energy storage converter with droop
control is relatively small and the input impedance DC loads buck converter are relatively large, so the
secondary currents mainly flow into energy storage units and DC bus capacitor. Based on this, the output
impedance of the energy storage converter and active capacitor converter are reconstructed relatively larger
and smaller respectively, so the secondary currents mainly flowing into the active capacitor. Therefore, the
secondary ripple currents flowing into energy storage units and the secondary ripple voltages appeared on
the DC bus can be suppressed. Finally, the proposed methods are varied through simulations results.

INDEX TERMS DC microgrids, secondary ripple, virtual impedance, coordination control.

I. INTRODUCTION

DC microgrids are generally composed of distributed power
sources, energy storage batteries, and load units. Compared
to AC microgrids, DC microgrids have advantages such
as high efficiency, easy control, and high reliability [1].
Besides, in DC microgrids, only active power balance needs
to be considered. The reactive power balance and phase
synchronization can be neglected. Therefore, DC microgrids
has become the development trend of future distribution
networks [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Alon Kuperman

However, AC loads usually connected to the DC microgrid
through single-phase inverters. Based on the instantaneous
balance theory, the input power includes double line fre-
quency components inherently [3]. The double line frequency
power will be coupled with other units through the DC
bus, which not only lead to large secondary currents ripples
for the energy storage units with droop control [4], [5],
[6], but also cause large secondary DC bus voltage ripples
through bus capacitor. The secondary ripple currents not only
increase the current stress and conduction loss of the switch
tube, but also causes continuous charging and discharging of
energy storage units, seriously affecting the lifespan of power
electronic devices and batteries [7]. The secondary voltage
ripple is relatively large compared to high-frequency ripples
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currents [5], [8], which reduces the power supply quality
for other units connect to the DC bus, specially affect the
MPPT accuracy for the PV modular connected to the DC
bus through DC/DC converter [9]. Therefore, the objective
of this paper is to suppress the secondary current ripples
flowing into the units with small output impedance and
suppress the secondary voltage ripples appeared on the DC
bus simultaneously.

In order to suppress the secondary current or voltage
ripples, two methods are usually adopted: hardware solu-
tions [10], [11], [12], [13], [14], [15], [16] and control
solutions [17], [18], [19], [20], [21], [22]. Large output
capacitance of the energy storage converter is used to allow
the secondary current ripple to flow into the output capacitor
instead of battery in [10] and [11]. This method is easy, but
the volume of the capacitor is too large, which is limited for
high power density applications. Ripple power compensation
circuit is added to the DC bus to suppress the secondary
voltage ripples in [12] and [13]. These methods always have
higher power density. However, complex calculations are
needed to obtain the compensation value of the secondary
ripple power [12], and the control delay may have a
significant impact on compensation accuracy [13]. Besides,
H-bridge rectifier with ripple power decoupling function
to reduce the secondary voltage ripple is proposed in [15]
and [16]. The complex calculation is not needed, but this
method is only adaptive to the single unit with AC/DC
conversion, it cannot be applied to the DC microgrids with
multiple units directly.

In terms control solutions, there is no additional com-
ponent, only control strategy needs to be improved. Third
harmonic injection is proposed to eliminate the second
ripple current in [17], but additional fourth harmonic will
be introduced in DC microgrid. Virtual impedance methods
by introducing resonant filter and notch filter are proposed
to change the output impedance of single-phase H-bridge
rectifier to suppress the secondary current ripples flowing
into the output DC side [18], [19], [20]. Although the
secondary current flowing into DC side unit is reduced,
the excessive secondary voltage ripple will appear on the
middle DC bus. Second ripple current suppressing control in
DC microgrid is proposed in [21] and [22]. The equivalent
output impedance of the energy storage converter is increased
at secondary line frequency. These methods can effectively
suppress the secondary current ripple in energy storage
units, but the secondary voltage ripples on the DC bus
cannot be suppressed, so other additional units connected
to DC microgrid will be affected. Overall, the battery
secondary current ripple and DC bus voltage ripple in DC
microgrids cannot be reduced simultaneously with existing
methods.

In this paper, the secondary ripple current flowing into
the energy storage units and secondary ripple voltage on the
DC bus can be suppressed simultaneously by the proposed
impedance model based coordinated control strategy. The
contribution of this paper mainly includes three parts. Firstly,
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virtual impedance was introduced through resonant and
notch filters to improve the output impedance of the energy
storage unit converter at secondary line frequency, making
its output impedance nearly equal to the input impedance of
the DC load converter at that frequency, though which the
secondary ripple current flown into energy storage converter
is reduced effectively. Secondly, an active capacitor is further
introduced, and the secondary ripple power can be absorbed
by reducing the output impedance of the active capacitor,
so the secondary ripple voltage of the DC bus can be
suppressed. Thirdly, the system impedance model of the DC
microgrid was presented, and the system stability is analyzed.

The paper is organized as follows. Section II presents
the origin of the secondary ripples in DC microgrids. Small
signal impedance model of key converters in DC microgrids
are established in Section III. The proposed impedance-
based coordination control strategy for secondary ripple
suppression is presented in Section I'V. System stability and
key parameter impact is analyzed in Section V. Section VI
presents the simulation results. Section VII concludes this

paper.

Il. ORIGIN OF THE SECONDARY RIPPLES IN DC
MICROGRIDS

A. STRUCTURE OF THE DC MICROGRID

A typical DC microgrid system structure is shown in Fig. 1,
which includes photovoltaic (PV), DC load, active capacitor,
single-phase inverter load, and energy storage battery.

DC BUS
| | | |

Boost2 Buck Boostl | | AC/DC Bok!

boost

| | | |

PV DCload e SPECPMS Baery

FIGURE 1. Structure of a typical DC microgrid.

In the DC microgrid, the PV unit and the active capacitor
unit adopts Boost converter, and the DC load unit adopts
Buck converter. The single-phase AC load unit adopts single-
phase AC/DC converter, and the energy storage unit adopts
bidirectional Buck/boost converter. The specific topology is
shown in Fig. 2.

In Fig. 2, §1-S10 are switching tubes, upys1 and i, are input
voltage and input current of the active capacitor converter.
uyc and i,. are capacitor voltage and inductance current of
the active capacitor converter. Coc and L, are capacitor and
inductor of the active capacitor converter. upy and ipy are PV
output voltage and current respectively, and Cpy| and Cpy?
are PV side capacitor and DC bus side capacitor respectively.
Lpy is the inductor of PV converter. uy,s and ie are input
voltage and input current of load converter, and u. and i . are
capacitor voltage and inductor current of load converter. Ce
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FIGURE 2. Topology and control strategy of key converters in the DC microgrid.

and L. are capacitor and inductor of load converter. up,s3 and
ibat are the output voltage and output current of the energy
storage Buck/boost converter. irpy is the inductor current,
and Uy, is the battery voltage. Cpy and Ly, are the DC bus
capacitor and the Buck/boost converter inductor. upysa and ij,
are input voltage and input current of the single-phase inverter
load. ug and i are capacitor voltage and inductor current of
the single-phase inverter. Cs and L are capacitor and inductor
of the single-phase inverter.

Voltage and current dual loop control is adopted for the
active capacitor boost converter. The voltage outer loop
adopts PI controller, and the current inner loop adopts PIR
controller. Uy is the reference of the capacitor voltage on the
output side of the active capacitor converter. MPPT control
is adopted by the PV Boost converter, and Upy and Ipy are
the input of the MPPT unit. Voltage and current dual loop
control is adopted by the Buck converter. The voltage outer
loop adopts PI controller, and the current inner loop adopts
PIR controller. U, is the reference value of DC load voltage.
The control scheme of a bidirectional Buck/boost converter
consists of three loops: the voltage outer loop, the inductor
current inner loop, and the droop loop. In microgrids, there is
usually more than one energy storage, so droop control with
droop coefficient rq is used. Upy3 is the voltage reference
under no-load conditions. A PI controller is used to the
voltage outer loop, and a PIR controller is used to the current
inner loop. The single inverter converter adopts dual loop
control of voltage and current. The voltage outer loop adopts a
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PI controller, and the current inner loop adopts a PI controller.
Us is the reference of the AC load voltage, usually a sine wave
signal with an amplitude of 311V and a frequency of S50Hz.

B. CHARACTERISTIC OF SECONDARY RIPPLES IN DC
MICROGRIDS

The AC load voltage and current is assumed as

Ug = «/EUS sin wt
is = V2 sin(wt — 6)

ey
(@)

where the U and I represents the RMS values of voltage and
current, respectively. w is the angular frequency and 6 is the
phase angle between ug and of is.

The instantaneous power delivered by single-phase inverter
can be calculated as the summation of (3) and (4).

Ugce 11yc 1 cosO

(€)
“

Pac o=
PAC_Z = —Ugyc r1ac_1 cosQCwt —0)

where Pac o and Py 7 is the DC component and secondary
component of the instantaneous power of the single-phase
inverter load respectively.

Considering the power balance of between input and
output, the instantaneous power absorbed by the DC bus
capacitor equal to the output power of the PV unit and energy
storage unit minus the input power of AC load and DC load.
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Sbus can be expressed as:

R S dupys
Sous = Sbus + Shus = Cbus?“bus

= Ppy + Ppat — Ppc — Pac_L
= Ppy + Ppur — Ppc — Pac 0 — Pac 2 ©)

where Sp,s and S’bus are the DC and secondary components of
the instantaneous power absorbed by the DC bus capacitor,
Chys 1s the DC bus capacitor, and Ppy and Pj,; are the output
power of the PV and energy storage battery respectively. Ppc
is the input power of DC loads.

It can be seen from (5) that the secondary component of
the instantaneous power delivered by single-phase AC load
should be delivered to the DC bus capacitor and other units
through the interface converters. The secondary component
of the instantaneous power usually distributed among the
units based on the impedance of each unit, and the smaller the
impedance, the larger the current. Therefore, the secondary
component of the instantaneous power flowing into energy
storage unit will cause large secondary current ripple, and the
remaining secondary components power flowing into DC bus
capacitor will lead to secondary voltage ripple appeared on
the DC bus.

Ill. SMALL SIGNAL IMPEDANCE MODELING OF THE KEY
CONVERTERS IN DC MICROGRIDS

A. OUTPUT IMPEDANCE MODEL OF THE ENERGY
STORAGE CONVERTER

The linearized circuit equations of the Buck/boost converter
around an operation point are as follows:

SLbatiLyy, = —(1 — D3)iibus3 4+ Upus3ds (6)
$Coatlipuss = (1 — D3)ig,, — I, d3 — fbat 7

where the superscript symbol represents an AC small signal.
The duty cycle of S4 is D3, and S4 and S5 are complement.
Combining (6) and (7), the state variable ?me and Zpys3 can
be expressed as follows:

lLbal

1 —-D3 . $CpatUbusz + Ibat ~ ~
5*LpatCpat + (1 — D3) 5LbatCoat + (1 — D3)
Giiy () Gia(s)
3
ljibus3
Upat — SLbatIme ~ Upus3 2
= Yo msboaltn o Uws g )
§Upus3 Coat + Ibat 5Ubus3 Coat + Toat
Gyi(s) Zy(s)

where Upy equals (1-D3) Upyss, and Iy equals (1)-D3) Iy py-
The power stage of the Buck/boost converter can be described
by the transfer functions Gijo(s), Gida(s), Gui(s), and Zy(s).
The control block diagram of the energy storage Buck/boost
converter is shows as Fig. 3.
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FIGURE 3. Dule loop control block diagram of the energy storage
converter.

According to Fig.3, the output impedance Zy.(s) of the
Buck/boost converter without considering droop control and
voltage outer loop can be obtained as (10)

i Gii ()Gui(s
Zoc9) = = =5 = —1zo(s) + 7O
oat iLbat_ref =0 + l_bat(s)

(10)

where the T; par (s) is the open loop transfer function of the
current inner loop.

Ti_bat(8) = Gi(s)Gm(s)Gia(s) (11

FIGURE 4. Equivalent control block diagram of the energy storage
converter.

The equivalent control block diagram of the energy storage
converter can be obtained, as shown in Fig. 4, where the T _pat
(s) is the open-loop transfer function of the voltage outer loop.

Tv_bat(s) = Gu(S)Tiop_bat(S)Gui(S) (12)
Ti_pa(s)

1 + Ti_pat(s)
The closed-loop output impedance of Zyy pat(s) is as

follows:

Tiop_bat(s) = (13)

itbus3 Zoc(s) + raTy pai(s)
Zout_pat(s) = — = - T (14)

tbat | Upusa=o + Tv_pat(8)
g > | ‘ ‘
T 15 PM=8.6 1
3 157 - 7
£ 5} 1
% 5': 4
= 18 . : : :
’D\D | |
3 90f ]
% | |
£ 0] 1
= 90- ‘ ‘ ‘ -

10° 10' 10 10°

Frequency(Hz)

FIGURE 5. Output impedance bode diagram of energy storage converter.
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Substituting the relevant parameters of the energy storage
converter as shown in Table 1, the closed-loop output
impedance Bode diagram of the energy storage converter is
shown in Fig. 5.

TABLE 1. Parameters of energy storage buck/boost converter.

Parameter Symbol Value
Bus voltage Upuss IV 380
Energy storage voltage Upa/V 200
Droop coefficient ro/ VIA 0.76
Inductance Ly/mH 0.5
Capacitance Cha/ WF 220
Current regulator K; 0.01
Current regulator K 50
Current regulator K 1.3
Voltage regulator Ky 0.7
Voltage regulator K, 100

It can be seen that |Zyy par(s)| is about 8.6dB (2.69) at
100Hz, which means that the relatively small secondary
ripple power will also generate relatively large secondary
ripple current flowing into the energy storage battery.

B. INPUT IMPEDANCE MODEL OF THE DC LOAD BUCK
CONVERTER

The linearized circuit equations of the Buck converter around
an operation point are as follows:

SLe;LC = Dalipys2 + Ubus2a2 — e (15)
A 1.
sCelte = if, — R—lue (16)

where the duty cycle of Sip is Dy, combined with
(15) and (16), the state variable e, iy, and i, can be
represented as follows:

€

A sCeR1D2+D> SCeR 1 Upys2 +Ubus2 4
L. = Ubus?2 d

§2L.CoR1 +sL.+R; §2LeCoR1+sL.+R;

Giuy () Gia(s)
(17)
R A

e = ———— iz, (18)

sCeR1 + 1

[ —

Gui(s)

i L (19)
l = —1
Le D2 e

FIGURE 6. Control block diagram of the Buck converter.

The power stage of the Buck converter can be described by
the transfer functions Gijup(8), Gid(s), and Gyi(s). The control
block diagram of the Buck converter is shown as Fig. 6.
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Combining the main circuit and control transfer functions,
the closed-loop input impedance of the Buck converter
Zin buck(8) is obtained as follows:

Zin_buck(s)
lbus2 _ I+ Gui($)Gv(8)Ti_e(s) + Ti_e(s)
i Giu, (s)D,

(20)

le ’:‘efref =0

where the T; ¢(s) is the open loop transfer function of the
current inner loop.

Ti_e(s) = Gi(8)Gm()Gia(s) 2

S

™~

PM=27.7 |

A S
(=)

A8

Magnitude(dB)
)
S

270 1

P180f \_/

Phase(d

10" 10° 10! 10 10°
Frequency(Hz)

FIGURE 7. DC load converter input impedance bode diagram.

Substituting the relevant parameters of the Buck converter
shown in Table 2, the closed-loop input impedance Bode
diagram of the Buck converter is shown in Fig. 7.

TABLE 2. Parameters of dc load buck converter.

Parameter Symbol Value
Bus voltage Upus2 IV 380
DC load voltage UJ/V 200
Inductance L./mH 2
Capacitance C/pF 600
Current regulator K; 0.008
Current regulator K 0
Current regulator K 1.1
Voltage regulator K 0.5
Voltage regulator K. 5

It can be seen that |Zi; puck(s)| is about 27.7dB (24.3) at
100Hz, which is relatively large. It means that the secondary
ripple power on the DC bus has little impact on this converter.

C. INPUT IMPEDANCE MODEL OF THE SINGLE-PHASE
INVERTER

The linearized circuit equations of the Single-phase inverter
around an operation point are as follows:
sLsis = (2D — Ditpuss + 2Upusad —iis~ (22)
PSS PN
sCsltg = Iy — Eus (23)

where duty cycle of §7 and Sg is l}, comlzined with
(22) and (23), the state variable 5, is and i, can be
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represented as follows:
A~ sCsRy(2D - 1)+(2D - 1) ,
ST T 2LGCRy sLtRy
Giuy (5)
$CsRo Ubus3 + Upusa 3
s2LsCsRy+sLs+ R
Gig(s)

A Ry 2 (25)
STGN
———
Gui(s)
4 1 A
g = mlin (26)

The power stage of the inverter can be described by
the transfer functions Gijuh(s), Giq(s), and Gyi(s). The
control block diagram of the Single-phase inverter is shown
in Fig. 8

(24)

FIGURE 8. Control block diagram of the single-phase inverter.

Combining the main circuit and control transfer functions,
the closed-loop input impedance of the Single-phase inverter
Zinv(8) is obtained as follows:

Ziny(8)

Ubus4

~

lin its_ref=0

_ 1+ Gui(S)GV(S)Ti_in\/(S) + Ti_inv(s)
- Gy, ()2D — 1)

27)

where the 7 jny (s) is the open loop transfer function of the
current inner loop.

Ti_inv(s) = Gi(s)Gm(s)Gia(s) (28)

Substituting the relevant parameters of the Single inverter
shown in Table 3, the closed-loop input impedance Bode
diagram of the Single inverter is shown in Fig. 9.

TABLE 3. Parameters of single-phase inverter.

Parameter Symbol Value
Bus voltage Ubuss 'V 380
AC load voltage UJ/V 220
Inductance LymH 2
Capacitance Cy/uF 15
Current regulator K; 2
Current regulator K 0
Voltage regulator K 0.05
Voltage regulator K. 5
Duty D 0.53
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FIGURE 9. Single inverter input impedance bode diagram.

D. OUTPUT IMPEDANCE MODEL OF THE ACTIVE
CAPACITOR CONVERTER
The active capacitor converter is connected to the DC bus to
compensate the secondary ripple power by using dual loop
control. The topology of the active capacitor converter is
shown in Fig. 2. Its working principle is to detect the bus
voltage Upys1, and then provide the capacitive current. The
equivalent capacitive impedance can be controlled relatively
small, so the secondary ripple power on the DC bus can be
absorbed by the active capacitor converter. The DC voltage
ripple can be eliminated accordingly.

The linearized circuit equations of the active capacitor
converter around an operation point are as follows:

SLac;ac =(D; - 1)’:\lac + lpus1 + Uacgll (29)
§Cacllac = - Dl)gac - Iacal (30)

where the duty cycle of S Ais D1, combined with (29) and (30),
the state variable 1, and i, can be shown as

A sCac

lac =

i §CacUye — Iie(Dy — 1) ~
szLaccac"'(l‘Dl)2 bust szLacCac +(1 - D1)2
—_—

1

Giug (5) Gia(s)
(€29
e = —522Laccaclac + $Cac Une(1 — Dy) P
$C2 Uy — $Caclye(Dy — 1)
Gui(s)
§Caclac ~

T U — sCackeDy — 1) ! 2

Guuy ()

The power stage of the active capacitor converter can be
described by the transfer functions Gjyo(s), Gid(s), Guuo(s)
and Gyi(s). The control block diagram of the active capacitor
converter is shown in Fig. 10.

Combining the main circuit and control block diagram,
the closed-loop output impedance of the active capacitor
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Uacfref

FIGURE 10. Control block diagram of the active capacitor converter.

converter Zout_boost(S) is obtained as follows:

A

busl

Zout_boost(8) = —

lac llac ref=0
— 1 + Ty_poost(s) + Ti_boost(s) (33)
Giuy(8) — Guuy(89)Gu(8)Ti_boost(s)
where the Ty poost () is the open-loop transfer function of
the voltage outer loop, T; Boost(s) is the open loop transfer

function of the current inner loop.

Tv_boost(s) = Gu(S)Ti_boost(S)Gui(S) (34)
GiGnGig

T; S = 35

1_boost(5) 1+ GGGy (35)

Substituting the relevant parameters of the active capacitor
converter shown in Table 4, the closed-loop output impedance
Bode diagram of the inverter is shown in Fig. 11.

100, , ‘ ‘ ‘ ‘ :
o T ]
el ]
I i EE RR R ,
! -100 PM=29 ]
£,-200 ]
E —300 L L Il Il Il Il Il ]
E 270:_,/"_* ]
o
7 180 .
E = |
&~ 90 —_
10" 10° 10" 10 10° 10* 10°
Frequency(Hz)

FIGURE 11. Output impedance bode diagram of the active capacitor
converter.

It can be seen that |Zout_poost(s)| is about 29dB (28.2) at
100Hz. In order to actively control the secondary ripple power
into the active capacitor converter, it is necessary to further
reduce the output impedance of the active capacitor converter
at 100Hz. The next section will specifically introduce the
impedance coordination control method.

TABLE 4. Parameters of active capacitor converter.

Parameter Symbol Value
Bus voltage Upust 'V 380
DC reference voltage U, /V 650
Inductance L,/mH 0.47
Capacitance Coo/uF 300
Current regulator Ki, 0.1
Current regulator K 0
Voltage regulator Ky 0.05
Voltage regulator K. 0.001
Voltage regulator K 5
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IV. PROPOSED IMPEDANCE BASED COORDINATION
CONTROL STRATEGY FOR SECONDARY RIPPLE
SUPPRESSION

A. OVERALL IMPEDANCE MODEL OF THE DC MICROGRID
Based on the theoretical derivation in Section III and
the power transmission characteristics of the secondary
ripple currents, the equivalent impedance model of the DC
microgrid and its secondary ripple equivalent circuit are
obtained, as shown in Fig. 12 and Fig. 13.

Zowk 1 Zpy | Ziny Zyatery

Thuck [ ipy | I ol Chattery

[ R 1T | T Single-phase |
éctlve capacitor DC load o _Pl/ _ . Linyerter load |

Battery

FIGURE 12. Impedance model of the DC microgrid.

—
28.2 2.69
sz[ DZZrd []

boost battery]

FIGURE 13. Secondary frequency equivalent circuit.

Fig. 12 shows the impedance model of the DC microgrid.
In the microgrid, the energy storage unit is a balance node,
and the active capacitor unit is a PV node. The PV unit,
DC load unit, and single-phase inverter load unit are PQ
nodes. Therefore, the active capacitor unit is equivalent to
a voltage source epgost and impedance Zpgose connected in
series. The energy storage unit is equivalent to a voltage
SOUrce epattery and impedance Zpagtery in series. The DC load
is equivalent to a current source and impedance in parallel.
PV is equivalent to a current source ipy and impedance Zpy
in parallel. The single-phase inverter load is equivalent to a
current source iprq and impedance Zj,y in parallel.

Fig. 13 shows the equivalent circuit at double line
frequency, where single-phase AC load is the main origin
for the secondary ripple power in the DC microgrid, so it
can be equivalent to a current source 112;\‘/1 Due to the fact
that active capacitors do not generate ripple power and only
absorbs secondary ripple power, so it can be equivalent to
be an impedance nggst. Due to the fact that the secondary
ripple current flows towards the DC load side and the battery
side, both of the two units are equivalent to the secondary
frequency impedance, as Zg:gk and 2;ffery‘

As shown in Fig. 14, at 100Hz, the energy storage battery

converter Zg’d is the smallest and the active capacitor

attery
converter szggst is the largest with traditional control methods.
According to the power deliver characteristics, under the

traditional dual loop control, the secondary ripple power will
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FIGURE 14. Coordinated control block diagram of the energy storage
bidirectional Buck/boost converter.

flow more into the energy storage. Therefore, an optimized
control strategy needs to be adopted to force the second ripple
power to flow into the active capacitor.

In order to achieve the goal of coordinated management of
secondary ripple, the specific method is as follows: increase
the output impedance of the energy storage bidirectional
converter at 100Hz, so that its output impedance at this
frequency is as close as possible to the input impedance
of the DC load Buck converter, and ultimately reduce the
transmission of secondary ripple power to the energy storage
side. By reducing the output impedance of the active capacitor
converter at 100Hz, the output impedance at that frequency
is much smaller than that of the energy storage converter,
ultimately forcing the secondary ripple power to flow as much
as possible to the active capacitor.

B. IMPEDANCE MODIFICATION OF THE ENERGY
STORAGE CONVERTER
In order to increase the output impedance of the energy
storage converter at 100Hz, the dual closed-loop control
block diagram with a coordinated control is shown in Fig. 14.

The secondary ripple current can be reduced by reducing
the voltage loop gain at 100Hz. The secondary frequency
reference current fipyg3 of the current inner loop can be
reduced by filtering out the secondary ripple voltage in the
feedback branch iiyys3 through the notch filter GN(s).

The current inner loop is designed as a PIR controller
for tracking AC components, and its transfer function is as
follows:

2Kirewns

Gi(s) = Kip + Kij + —————
1( ) 1p 1 S2 + 28wnS + a)12

(36)
where the Kjp, and Kj; are the proportion and integration
coefficient of the current inner loop, respectively. Kj; is the
resonance coefficient, ew, is the cutoff frequency, w; is the
fundamental frequency of the system.

A notch filter can be adopted to reduce the voltage outer
loop gain. The expressions of GN(s) is shown as follows:

1 142g1 - s/on + (s/on)?
@? 1 42¢3 - s/(awn) + (s/(aon))?

where the wy is the center frequency of the notch filter, g;
and ¢ are two coefficients related to the notch bandwidth
and depth, and « is the phase correction coefficient.
According to Fig. 14, after adding Gn(s), the output
impedance of the energy storage converter Zoye par N(S) 1S

GN(s) = (37)
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shown as follows:

~

bus3 _ Zoc + 1 dTv_bat_N
i 14 Tv_bat_N

Zout_bat N(8) = — (38)

Ibat 0bus3:0

where the Ty pac N is the improved voltage outer-loop open-
loop transfer function.

Tv_bat_N = Tv . GN = GvTiopGuiGN (39)
2
Q
=]
2
g
&
=
180 :
9 135 Zou_var(S) g
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FIGURE 15. Bode diagram of output impedance of the energy storage
converter with and without coordinated control.

The Bode diagram of the output impedance of the energy
storage converter with and without coordinated control is
shown in Fig. 15. Among them, the bandwidth of the notch
filter is 17Hz, and the notch depth is —62dB, ¢« = 1.04,
qr =5x 1079, g2 =5 X 1072, |Zin_Bat(s)| is the closed-loop
output impedance value of the energy storage converter with
traditional control, |Zoy: par N(8)| is the closed-loop output
impedance value of the energy storage converter with virtual
impedance control.

It can be seen from Fig. 15 that after adding Gn(s),
|Zout_bat_N(s)| is about 20dB (10), which is 3.7 times that of
|Zout_bat(s)|, significantly improving the closed-loop output
impedance of the energy storage converter at 100Hz.

In order to investigate the effect of the resonant filter
Gn(s) on the stability of the converter, stability analysis of
the open-loop transfer function Ty pa n(s) with different o
is presented. The Bode diagram of the open-loop transfer
function Ty _par N(s) is shown in Fig. 16.

Magnitude(dB)
22253

0

, Phase(deg)

B0 92 94 96 98 100 102 104 106 108 110
Frequency(Hz)

FIGURE 16. Bode diagram of open loop transfer function Tv_bat_N(s).

From Fig. 16, it can be seen that the change of o mainly
affects the crossing frequency. As « increases, the crossing
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frequency decreases. Gradually increasing «, the phase angle
margin has been increased from 34° to 63.3°, significantly
improving the stability of the system. According to the fact
that the phase angle margin of the converter is greater than
45°, good system stability can be achieved. When « is equal
to 1, the phase margin is less than 45°, resulting in poor
system stability. Therefore, the final choice of « is 1.04, the
phase angle margin of the open loop system is 52.2°.

FIGURE 17. Block diagram of active capacitor converter with coordinated
control strategy.

C. IMPEDANCE MODIFICATION OF THE ACTIVE
CAPACITOR CONVERTER

In order to decrease the output impedance of the active
capacitor converter at 100Hz, the dual closed-loop control
block diagram with a coordinated control strategy is shown
in Fig. 17.

The secondary ripple voltage component can be amplified
at 100Hz by introducing the DC bus 0busl through the
resonant filter Ggpr(s), and the output is added to the current
inner loop reference. The secondary ripple component in the
feedback branch Oac is filtered out through the notch filter
Gn(s) to reduce the secondary ripple component in the current
inner loop reference branch i,y .

The notch filter Gn(s) used is the same as the one used in
the energy storage converter mentioned earlier. The resonant
filter adopted in this paper is as

2K ewys

GBPF 8)) = 57—
®) 52 4+ 2ewys + a)%

(40)
where K; is the gain, cw, is the cutoff frequency, w; is the
resonant frequency. Selectivity and dynamic performance are
considered, so the cutoff frequency is set to be 0.707w;,.
According to the transfer function shown in Fig.17, the
closed-loop output impedance of the active capacitor with
coordinated control is obtained as Zout_poost BN(S):

Zout_boost_BN(S)

busl

iac ’fiacfref =0
1+ Tv_boost_BN o+ Ti_boost ©
Gin ©— Gqu OGuOGNOTi_poost®+GBPEOTi_boost®
41)

where the Ty poost_BN(S) is the open-loop transfer function of
the voltage outer loop, and T;_poost(s) is the open-loop transfer
function of the current inner loop.

Ty_boost_BN(s) = GN($)Gu(8)Gui($)Ti_boost(s) (42)
Ti_boost(s) = Gi($)Gm(s)Gia(s) (43)
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FIGURE 18. Bode diagram of output impedance of active capacitor
converter with and without coordinated control.

The Bode diagram of the output impedance of the active
capacitor converter before and after adding coordinated
control is shown in Fig. 18. Among them, ¢« = 1.04, ¢ =
5% 1072, g2 =5 x 1072 |Zout Boost(s)| is the closed-loop
output impedance value of an active capacitor converter with
traditional control, and |Zout_boost BN(S)| is the closed-loop
output impedance value of the active capacitor converter with
virtual impedance.

As shown in Fig. 18, the closed-loop output impedance
of the active capacitor converter with coordinated control
|Zout_boost BN(S)| 1s approximately —6.4 dB (0.5), which is
greater than the closed-loop output impedance value of the
active capacitor without coordination control |Zoyt_Boost(S)|-
|Zout_boost BN(8)| is relatively less than the impedance value
of other converters in the system at 100Hz, which means that
the secondary ripple power on the DC bus will mainly flow
into the active capacitor circuit.

Stability analysis of the open-loop transfer function
Ty boost BN(s) with different o is presented. The Bode
diagram of the open-loop transfer function 7y poost BN(S) 1S
shown in Fig. 19.

Magnitude(dB)
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= 18 I L 72.3° L i I
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FIGURE 19. Bode diagram of open loop transfer function of
Ty_boost_BN ()-

As shown in Fig. 19, Bode diagram of the open-loop
system varies different «, thereby affecting the system
stability. From Fig. 19 (a), it can be seen that, the phase
margin increases with the increase of «, and the open loop
cutoff frequency deceases with the increase of «. Therefore,
a is selected as 1.1 in this paper by considering dynamic
performance stability of the system.
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V. SYSTEM STABILITY ANALYSIS AND KEY PARAMETER
IMPACT

Impedance matching is an important theory for improving
and evaluating system stability. The stability of a single
converter is analyzed in previous section, while the impact
of different converters connected to the microgrid on system
stability will be analyzed in this section.

| ‘ |
! a
| | | |
|Zoul7ba17N | | | Ziny Zin mack |
2N U ® @
| Epatery | | b Ibuc |
N[
! T TS !
| Battery Jl | Single-phase DCload |

FIGURE 20. Small signal equivalent circuit of the system without active
capacitor converter.

A. SYSTEM STABILITY ANALYSIS WITH AND WITHOUT
THE ACTIVE CAPACITOR

1) SYSTEM STABILITY ANALYSIS WITHOUT THE ACTIVE
CAPACITOR CONVERTER

The small signal equivalent circuit diagram of the system
without the active capacitor converter is shown in Fig. 20.
The stability of the system without the active capacitor
converter can be judged by the ratio of the total impedance
of voltage source converter and the total impedance of the
load converters. The impedance ratio Typ in this situation is
defined as

Zout_bat_N

T, =
ab 711

(44)
where Zj; is the parallel impedance of the single-phase
inverter closed-loop input impedance Z;,y and the DC load
closed-loop input impedance Zi; puck- Z11 is as

Zininnfbuck

| =o——F7——
Ziny + Zin_buck

(45)

Fig. 21 shows the Nyquist curve of Typ. It can be seen that
the curve does not surround the (—1, jO) point, so the system
is stable.

0.2
0.15
0.1 f
0.05f -20dB

o | ]
0,05 ]
01}
015}
02

Imaginary axis

0.2 -0.1 0 0.1 0.2 0.3 0.4
Real axis

FIGURE 21. The Nyquist curve of T,p,.
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FIGURE 22. Small signal equivalent circuit of the system with the active
capacitor converter.

2) STABILITY ANALYSIS OF THE SYSTEM WITH AN ACTIVE
CAPACITOR CONVERTER

The small signal equivalent circuit diagram of the system
with the active capacitor converter is shown in Fig. 22. The
stability of the system with the active capacitor converter
can be determined by the ratio of the closed-loop output
impedance Z; of the source converter and the closed-loop
input impedance Zj; of the load converter. The impedance
ratio T¢q in this situation is defined as

Zn

T.q =
cd 71

(46)
where Zj, is the parallel impedance of the active capacitor
converter closed-loop output impedance Zoy; poost BN and
the energy storage converter closed-loop output impedance
Zout_bat_N- Z22 can be expressed as

Zout_boost_BNzout_bat_N ( 47 )

Iy =
Zout_boost_BN + Zout_bat_N
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0.15T T
-20dB T

o
.
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-0.15
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FIGURE 23. The Nyquist curve of T,p, and T 4.

Fig. 23 shows the Nyquist curves of Ty and T¢q4. It can be
seen that the Nyquist curve of T¢q does not surround the (—1,
j0) point, so the system is also stable. Compared to the system
without the active capacitor, the Tq is far from the (—1, jO)
point, so the system stability can be improved with the active
capacitor.

B. THE IMPACT OF KEY PARAMETER ON SYSTEM STABILIT
1) THE IMPACT OF ACTIVE CAPACITOR Kg

Keeping the other parameters unchanged, the impact of
different K values on T.q are analyzed. The parameter values
are selected as 1, 5, 10, 15, and 50 respectively, and the
corresponding Nyquist curves are shown in Fig. 24.
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FIGURE 24. The Nyquist curve of T4 with K; changed.

As shown in the Fig. 24, as K; increases, the Nyquist curve
gradually approaches the (—1, jO) point, reducing the stability
margin of the system, which is not perfectible to its stability.

The gain of active capacitor converters at 100Hz can be
improved by increasing K, but stability analysis shows that
K; cannot be arbitrarily increased. A larger K; can certainly
reduce the impedance of the active capacitor at 100Hz and
allocate more second harmonic power to the active capacitor
in the system, but it will reduce the system stability margin,
S0 it is necessary to choose K; reasonably.

2) THE IMPACT OF ACTIVE CAPACITOR Kyp AND Ky,

Firstly, keeping other parameters unchanged, and only
the voltage outer loop parameter Ky, is changed. The
parameter values are 1, 0.1, and 0.01, respectively, and the
corresponding Nyquist curve is shown in Fig. 25.

0.15 :
K=l —
01} Ky=0.1 — 1
£ 00s| =001
)
g20r 1
E
E£-0.05F ]
-0.1 + 4
-0.15 L L L L L L
01 005 0 005 01 015 02 025

Real axis

FIGURE 25. The Nyquist curve of T.q with Kyp changed.

As shown in Fig 25, as Ky}, decreases, the Nyquist curve
moves away from the (—1, jO) point. Stability margin of the
system is increased, which is beneficial for system stability.

Secondly, keeping other parameters unchanged, and only
changing the voltage outer loop parameter K,;. The parameter
values are 5, 15, and 25, respectively, and the corresponding
Nyquist curve is shown in Fig. 26.

As shown in Fig. 26, as K,; increases, the Nyquist curve
gradually approaches the (—1, jO) point, reducing the stability
margin of the system, which is not preferable to its stability.

3) THE IMPACT OF ACTIVE CAPACITOR Cpc

Take three different sets of Cyc values, while keeping the other
parameters unchanged, and analyze the impact of different
Cyc values on T¢q. The parameter values are 0.2mF, 0.3mF,
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FIGURE 26. The Nyquist curve of T4 with K; changed.

and 0.4mF, respectively, and the corresponding Nyquist curve
is shown in Fig. 27.
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FIGURE 27. The Nyquist curve of T4 with Cac changed.

As shown in Fig. 27, with the increase of Cy, the Nyquist
curve gradually moves away from the (—1, jO) point, and the
stability margin of the system increases, which is beneficial
for the stability of the system.

4) THE IMPACT OF ACTIVE CAPACITOR INDUCTOR Lac
Keeping the other parameters unchanged, and analyze the
impact of different L,. values on T.4. The parameter
values are 0.3mH, 0.4mH, and 0.5mH, respectively. The
corresponding Nyquist curve is shown in Fig. 28.

0.1 ——
-20dB y _ La=03mF —— 1
0.06 N\ Lae=0.4mF —— ]
= r ( pa . Lac=0.5mF
g0.021 \. “
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B~ = / N\ J/
2 ( - /]
g \ /
-0.06[ \.
0.1 } R } }
0.1 -0.05 0 0.05 0.1 0.15 0.2

Real axis

FIGURE 28. The Nyquist curve of T.q with Lac changed.

As shown in Fig. 28, as L, increases, the Nyquist curve
remains almost unchanged, indicating that L,. has almost no
effect on the stability of the system.

5) THE IMPACT OF ENERGY STORAGE CONVERTER A
Take three different sets « value, keeping parameters
unchanged. the impact o on Tq is analyzed. The parameter
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values are 1, 1.04, and 1.1, respectively, and the correspond-
ing Nyquist curve is shown in Fig. 29.
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FIGURE 29. The Nyquist curve of T4 with « changed.

As shown in Fig. 29, with the « increases, the Nyquist
curve gradually moves away from the (—1, jO) point, and the
stability margin increases, which is beneficial to the stability
of the system.

6) THE IMPACT OF ENERGY STORAGE CONVERTER Rp
Keeping the other parameters unchanged, and the impact of
different ry values on T4 is analyzed. The parameter values
are 0.3, 0.5, and 0.7, respectively, and the corresponding
Nyquist curve is shown in Fig. 30.
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FIGURE 30. The Nyquist curve of T4 with rqy changed.

As shown in Fig. 30, as rq increases, the Nyquist curve
gradually approaches the (—1, jO) point, and the stability
margin decreases, which is not preferable to system stability.

7) THE IMPACT OF ENERGY STORAGE CONVERTER

Kyp AND Ky,

Firstly, the impact of the voltage outer loop control Ky, of
the parameter energy storage converter on 74 ia analyzed.
Keeping other parameters unchanged, and only changing Kyp.
The parameter values are 0.5, 0.7, and 1, respectively. The
corresponding Nyquist curve is shown in Fig. 31.

As shown in Fig. 31, as Ky, decreases, the Nyquist curve
gradually approaches the (—1, jO) point, and the stability
margin decreases, which is not preferable to system stability.

Secondly, the impact of the voltage outer loop control
parameter K,; of the energy storage converter on Tcq is
analyzed, keeping other parameters unchanged, and only
changing the voltage outer loop parameter Ky;. The parameter
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values are 50, 100, and 150, respectively. The corresponding
Nyquist curve is shown in Fig. 32.
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FIGURE 31. The Nyquist curve of Tcq with Kyp changed.
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FIGURE 32. The Nyquist curve of T4 with K,; changed.

As shown in Fig. 32, as K,; increases, the Nyquist curve
gradually moves away from the (—1, jO) point, and the
stability margin increases, which is beneficial to the stability
of the system.

VI. SIMULATION RESULTS

In this section, the proposed control strategies are modeled
in MATLAB/Simulink, and its performance are analyzed in
detail. The structure of the simulation system is the same with
Fig.2. The control strategies and system parameters are same
with theoretical parts.

Fig.33 shows the waveforms of energy storage converters
before and after impedance modification. It can be seen
that by increasing the output impedance of the bidirectional
Buck/boost converter at 100Hz at 0.2s, the secondary ripple
currents flown into energy storage battery is greatly reduced,
but more secondary ripple voltage on the DC bus is presented.

Fig.34 shows the waveforms of system power quality for
the active capacitor converter with and without impedance
modification. It can be seen that when the impedance of the
active capacitor Boost converter at 100Hz is reduced at 0.2s,
most of the secondary ripple power on the DC bus flows into
the active capacitor, and the secondary ripple content on the
DC bus is greatly reduced.

Fig.35 shows the waveforms of power quality before and
after adding coordinated control. It can be seen that the
power quality of DC bus voltage and battery currents has
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FIGURE 33. Waveforms of energy storage converters before and after
impedance modification.
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FIGURE 34. Waveforms of system power quality for the active capacitor
converter with and without impedance modification.

been significantly improved after the addition of coordinated
control strategy at 0.2s, and the DC Buck voltage still
maintains good power quality. This further confirms that
after the addition of coordinated control strategy, the
direction of the second harmonic power in the system
will change, and more will flow into the active capacitor
circuit.

Fig.36 shows Transient waveforms with different control
strategies. It can be seen that there are no secondary ripple
components on the DC bus, battery side, and DC load side at
0-0.2s. After the single-phase inverter AC load is connected
to the system at 0.2s, there are secondary ripple components
presented at DC bus voltage, DC Buck voltage and battery
currents, but the secondary ripple flowing into the DC load
side will be relatively less, which is because the larger input
impedance of the Buck converter. When the impedance of
the bidirectional Buck/boost converter is increased at 100Hz
at 0.4s, the secondary ripple currents flown into the energy
storage battery side is greatly reduced, but the DC bus voltage
will have more secondary ripple. When the improved active
capacitor converter is connected to the system at 0.6s, most
of the secondary ripple power of the DC bus flows into the
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FIGURE 35. Waveforms of power quality before and after adding
coordinated control.
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FIGURE 36. Transient waveforms with different control strategies.

active capacitor converter, and the secondary ripple DC bus
voltage and battery currents both greatly reduced. When the
virtual impedance in the improved active capacitor control
strategy is removed at 0.8s, due to the insufficient impedance
of the active capacitor converter at 100Hz, the secondary
ripple power of the DC bus cannot easily flow into the active
capacitor, resulting in increased secondary ripples at DC bus
voltage and Buck load voltage.

Based on the above simulation, it can be obtained that
the proposed impedance coordinated control strategy can not
only eliminate the second harmonic current flowing into the
energy storage battery, but also suppress the second harmonic
voltage of the DC bus, and the system shows good dynamic
and stable performance.
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VIi. CONCLUSION

In order to solve the problems of secondary ripple currents
and voltages caused by single-phase AC inverter loads in DC
microgrids, an impedance model based coordinated control
strategy is proposed in this paper. The proposed control
methods can not only reduce the secondary ripple currents
flowing into energy storage units, but also suppress the DC
bus ripple voltages appeared on the DC bus effectively.

The impedance models of the key units in the DC microgrid
show that the energy storage units with droop control usually
have a relatively small output impedance, which lead to
large secondary current ripple flowing into energy storage
units. The secondary current ripples can be reduced by
improving the output impedance of energy storage converters
and reducing the output impedance of the active capacitor
converters through impedance reconstruction method. The
secondary voltage ripples appeared on the DC bus can also
be suppressed by reducing the output impedance of the
active capacitor converters. Stability analysis results show
that the DC microgrid has a good stability performance with
the proposed impedance model based coordination control
strategy.

The future work of this paper is to improve the compatible
of the proposed method by considering more types of
DC units. Besides, the future work will apply proposed
method to real-word DC microgrid engineering, improving
the adaptability of DC microgrids to AC loads and the power
quality of DC microgrids.
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