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Abstract—Series dc electric springs (series ESs) can tackle the
intermittency of the renewable generations (RGs) with reduced
storage capacity in dc microgrids (MGs). They can actively manip-
ulate the power profiles of the serially connected noncritical loads
(NCLs) to follow the fluctuating RG. In the process of regulating the
dc bus voltages, the power rating of an NCL can affect the power of
its corresponding series ES. If multiple series ESs with differently
rated NCLs can be operated in a coordinative way, the total storage
capacity of the series ESs can be potentially reduced. In this article,
a decentralized controller is proposed to coordinate the operations
of multiple series ESs such that the required storage capacity of
the series ESs can be reduced. The conditions for achieving the
minimum battery charging and discharging power are analytically
derived. The stability analysis of the system as well as the design of
the decentralized controller is provided. Experiment results on a
120-V dc grid confirmed that the proposed controller can effectively
reduce the total storage capacity of the series ESs in dc MGs
by 7.5%.

Index Terms—Battery energy storage, dc microgrids (MGs),
electric springs, power electronics, smart load, stability.

I. INTRODUCTION

DC GRIDS have been widely applied for their high effi-
ciency and simple incorporation of the renewable genera-

tions (RGs) [1]. To provide stable power supplies for the critical
loads (CLs) [2], battery energy storages are typically adopted to
buffer the fluctuations caused by the intermittency of the RGs
[3]. However, considering the potential environmental damage
and high cost of batteries [4], the capacity of the batteries should
be minimized.

Among the existing solutions of balancing the supply and
demand in power grids [5]–[11], the use of smart loads can be
a cost-effective solution in reducing energy storage capacity,
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particularly in view of the growing penetration of intermittent
RGs. The series ES is a possible means of implementing the
smart load. As reported in [12] and [13], the dc electric springs
can do the following:

1) provide real-time demand side management for eliminat-
ing the bus voltage variation [14];

2) perform active power filtering for buffering the harmonic
power [10];

3) eliminate the voltage droop along the distribution lines;
and

4) provide fault-ride-through support for the CLs in dc power
systems.

They can be typically applied in data center, telecommuni-
cation system, LED-based lighting system, and traction system.
The series ES is essentially a controllable bipolar voltage source,
which is connected in series with a noncritical load (NCL)
to form a smart load. It is capable of real-time bus voltage
regulation and automatic NCL power adjustment. The series
ES can effectively reduce the required battery storage capacity
of a dc grid via the active load control of the NCL [13]. When
the series ESs are connected to different power-rated NCLs, the
charging and discharging powers of their battery storages will
be different. In view of this, the required storage capacity of
a dc grid can be further reduced if multiple series ESs can be
operated in a cooperative way. To achieve this, a coordinative
control scheme will be needed for the series ESs.

Control methods for coordinating multiple converters can be
generally categorized into centralized control [15]–[17], dis-
tributed control [18]–[20], and decentralized control [21]–[23].
Although the centralized control scheme can achieve accurate
power control of the overall grid for long-term operations (e.g.,
in hours) [15], [16], [24], it cannot cope with the fast time-variant
RGs in a real-time manner due to the limitation of the com-
munication bandwidth [25]. For the distributed control scheme,
it can have a less sophisticated communication network than
that of the centralized control method [18]. Mathematically,
by formulating the optimization problem (e.g., minimization of
generation cost [26]) of the power grid and solving its equilib-
rium problem in a distributed way, the operating points of power
grid will ultimately converge to the global optimum. However,
this control scheme demands convexity of the original problem
and its design procedure is relatively complicated. Furthermore,
the propagation delay of the connected network for the dis-
tributed control scheme will confine the speed of convergence,
which makes it incapable of dealing with fast power variations
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of dc microgrids (MGs). The decentralized control method,
e.g., droop control [21], [22], does not require communication
networks. Since it only requires the local information for the
derivation of control signals, it has low computation complexity
and can achieve a fast dynamic response of the system. Although
the tight regulation of the mains voltage is generally sacrificed
for achieving the cooperative operation of multiple converters,
the deviation of the mains voltage can still be maintained within
the acceptable range of the most appliances. By comparison, the
decentralized control methods are relatively more viable for co-
ordinating multiple series ESs in pacifying the fast time-variant
power of the RGs in dc MGs.

Among the reported research work on decentralized control
of dc MGs, the research focuses are mainly on the responsibility
sharing of multiple dc appliances. In [27], a mode-adaptive
droop control is reported for coordinating the operations of RGs,
storages, and utility grid interfaced converter in dc MGs. As
the economic operation of dc MGs is becoming increasingly
important, the recent researches are trying to incorporate the eco-
nomic objective into the design of the decentralized controller.
In [23] and [28], the battery state of charge (SoC) is used to
determine the droop coefficient for SoC equalization of multiple
storage systems. To further improve the accuracy of respon-
sibility sharing among interfaced converters, a low-bandwidth
communication-based droop control is reported in [29]. In [30],
a decentralized economic power sharing control is proposed for
minimizing the generation cost of multiple distributed gener-
ators (DGs) in dc MGs. As the incremental costs of DGs are
linearly associated with the dc bus voltage, it can be conveniently
mapped into the droop curve of the DGs without adding an extra
communication network. However, as the power of series ES is
nonlinearly changed with respect to the power fluctuation of
MGs [12], [13], the conventional decentralized control is no
more feasible and the recent researches on ES [19], [20] tend to
use a communication-based control scheme for achieving better
coordination. To regulate the bus voltage against the volatile RG,
a new decentralized control scheme is proposed in this article.
This control scheme can coordinate the operation of multiple
series ESs for achieving a reduced storage capacity. It is worth
mentioning that the proposed control scheme is different from
the conventional droop control in many ways. It has a faster
dynamic response than that of the conventional centralized and
distributed control methods due to the omission of communica-
tion systems. In addition, different from the conventional droop
control schemes, the proposed controller is programmed with
the objective of reducing the net storage capacity of series ESs
for the first time. The nonlinear power curve of multiple series
ES is mathematically analyzed. Based on this, the proposed
controller is designed for minimizing the total charging and
discharging power of the series ESs when regulating the bus
voltage. The state-space model of the dc MG with the constant
power load and multiple series ESs is derived for the stability
analysis. A simulation is performed to demonstrate the stability
improvement of the dc MG with the series ESs. Experiments
on a 120-V dc MG have been conducted to validate the storage
reduction functionality of the proposed control scheme.

Fig. 1. Illustrations of (a) dc distribution grid and (b) dc MG with multiple
series ESs.

II. DC MG WITH MULTIPLE SERIES DC ELECTRIC SPRINGS

Fig. 1(a) illustrates the emerging dc distribution grids. The
dc MGs, which are clusters of low-peripheral low-voltage ap-
pliances, are essentially the subnetworks of the dc distribution
grid. They are interconnected through the distribution lines
and form different points of common coupling (PCC) in the
dc distribution grid. Fig. 1(b) shows the circuit diagram of
a dc MG with multiple series ESs installed at PCC. The main
dc power source VG and distribution lines Rd are essentially
the Thevenin equivalent circuit of the dc distribution grid. The
main dc source delivers a stable base power of PG to the MG.
The RGs (e.g., PV panel, wind generation, and fuel cell) inject
intermittent power PR into the dc bus. This will lead to a
fluctuating PCC voltage VM .Ra,Rb, andRc are the NCLs (e.g.,
electric water heaters) with different nominal powers of Pa, Pb,
and Pc (Pa < Pb < Pc). They can tolerate a certain degree of
fluctuations on their supply voltages VN . The CLs are normally
electronic loads, which cannot tolerate large fluctuations on
the supply voltage VM . The series ES is a distributed onsite
voltage regulation technology. Each series ES is connected to
an NCL to form a smart load. The series can be achieved by a
full-bridge converter with dc-link battery storages. It imposes a
tuning voltage VE to adjust the NCL current IN . As reported
in [12], the NCL can be the following:
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Fig. 2. PE curves with different power-rated NCLs.

1) positive constant-resistive loads;
2) negative constant-resistive loads;
3) positive constant-power loads (CPLs);
4) negative CPLs.
Since most of the NCLs are dissipative thermoelectric

loads [8], [12], [13], [31], the NCL is considered as a resistor
RN in this article. Thus, it can be derived that

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Pnom =
V 2
M

RN

PSL =
VM (VM − VE)

RN

PE =
VE(VM − VE)

RN

(1)

where Pnom, PSL, and PE are the nominal power of NCL, smart
load power, and power of series ES, respectively. The profiles
of PSL can be controlled to follow the generation profiles of the
RGs so that a stable power supply of the CLs can be obtained.
In the meantime, the power quality of the NCL is compromised.

III. OPERATING CURVES OF SERIES ESS

By neglecting the power loss on the distribution cable, the
fluctuating part of the grid power POS can be expressed as

POS = PG + PR − PCL − Pnom (2)

where PCL is the nominal power of CL. When a smart load is
operated to compensate POS, the power change in the smart load
will be equal to POS, i.e.,

POS = PSL − Pnom. (3)

PE can be expressed as follows by combining (1) and (3):

PE = (POS + Pnom)− (POS + Pnom)
2

Pnom
. (4)

By normalizing (4) in a per-unit (p.u.) system with the base of
the system rated powerPS , the profiles ofPE can be plotted with
respect to the variation of POS as shown in Fig. 2. Here, Pnom is
set to be 0.1 p.u., 0.2 p.u., and 0.3 p.u. to represent a light load, a
medium load, and a heavy load, respectively. VE cannot exceed
VM to inverse the polarity of VN . As shown in Fig. 2, the series
ES with the light load has the minimum charging power when

these series ESs are operated to boost VM against negative POS.
The series ES with the heavy load has the maximum discharging
power when these series ESs are operated to suppressVM against
positivePOS. By engaging different smart loads in compensating
POS, the required power of these series ESs will be different. This
offers potential of reducing the required storage capacity.

IV. DERIVATIONS OF THE MINIMUM CHARGING AND

DISCHARGING POWER

When three series ESs are operated to regulate VM , POS is
jointly compensated by the smart loads and each one compen-
sates the corresponding proportion of a, b, and c. According to
(4), the power of a series ES can be expressed as follows:

PE_x = (xPOS + Px)− (xPOS + Px)
2

Px
∀x = {a, b, c} (5)

where
{
a+ b+ c = 1

0 ≤ a, b, c ≤ 1.
(6)

In (5), PE_x denotes the power of ESx. Px is the nominal power
of the NCL x. By rearranging (5), the total power of the series
ESs can be written as follows:

⎧
⎪⎨

⎪⎩

PT =
∑

x={a,b,c} PE_x = −POS − P 2
OSσ

σ =
∑

x={a,b,c} x
2P−1

x .
(7)

As shown in (7), σ will affect the value of PT . Mathematically,
the upper and lower bounds of σ can be derived according to the
inequalities of arithmetic and geometric means, i.e.,

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

LB ≤ σ ≤ UB

LB =
(a+ b+ c)2

Pa + Pb + Pc

UB =

(
a√
Pa

+
b√
Pb

+
c√
Pc

)2

.

(8)

By (7), the total accumulated energy of the ESs can be expressed
as follows:

ET (t) =

∫ t

0

PT (t)dt =

∫ t

0

[−POS(t)− P 2
OS(t)σ(t)]dt. (9)

The minimum required storage capacity of the series ESs should
be at least greater than the maximum deviation of ET (t), i.e.,

Cmin = max

(∫ t

0

[−POS(t)− P 2
OS(t)σ(t)]dt

)

−min

(∫ t

0

[−POS(t)− P 2
OS(t)σ(t)]dt

)

(10)

Therefore, in the voltage boosting operations (POS < 0 and
PT > 0), a large σ is preferred so that the charging power of
batteries can be small. In the voltage suppression operations
(POS > 0 and PT < 0), a small σ is preferred so that a small dis-
charging power of batteries can be achieved. Correspondingly,
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the criterion of achieving the maximum and minimum values of
σ can be expressed as follows:

σ =

⎧
⎪⎨

⎪⎩

LB when
a

Pa
=

b

Pb
=

c

Pc

UB when
∑

x,y=a,b,cx �=y
xy = 0.

(11)

By (11), the minimum charging power of PT can be achieved
by operating a single smart load to boost VM . However, this
operation cannot always be achieved since the allowable voltage
deviation of an NCL is limited. Considering that the ES voltages
are limited within a range of

Vmin ≤ Vx ≤ Vmax ∀x = {a, b, c} (12)

where Vx is the output voltage of ESx. A suboptimal compen-
sation strategy for voltage boosting operations can be derived to
achieve a small charging power of the series ESs. Specifically,
when POS < 0, W and VM fall below the reference, ESa with
the light NCL (Pa) will be first activated to boost VM . In
the meantime, ESb and ESc, which are connected with larger
power-rated NCLs, fix their voltage outputs at 0 V. When Va

reaches Vmax and VM decreases, ESb with the medium NCL
(Pb) will be activated. In the meantime, Va is controlled to be
Vmax and ESc stays unactivated. When VM is kept falling and
Vb reaches Vmax, ESa and ESb are controlled to deliver the
maximum voltages. ESc starts to shed the NCL by following
the same analogy until all series ESs eventually reach their
respective output limits.

According to (11), for the voltage suppression operation, the
minimum discharging power of the series ESs can be achieved
by satisfying

aPOS

Pa
=

bPOS

Pb
=

cPOS

Pc
. (13)

Since xPOS will be compensated by the smart load x, it can be
derived that

xPOS =
VM (VM − Vx)

Rx
− V 2

M

Rx
= −VMVx

Rx
∀x = {a, b, c}.

(14)
By substituting (14) into (13), it can be derived that

xPOS

Px
=

−VMVx

PxRx
=

−VMVxRx

RxV 2
M

=
−Vx

VM
∀x = {a, b, c}.

(15)
According to (13) and (15), the condition for achieving the
minimum discharging power in voltage suppression operations
can be expressed as

Va = Vb = Vc. (16)

When the operating voltages of series ESs are determined,
the rated powers of the series ESs’ dc-link storages can be
confirmed. By (1), it can be derived that

PE

Pnom
=

VE(VM − VE)

V 2
M

. (17)

As illustrated in Fig. 2 and (1), the ES powers in voltage sup-
pression operations (VE < 0) are larger than the cases of voltage
boosting operations (VE > 0). Since the voltages of the series

Fig. 3. Voltage droop curves of the series ESs. (VT _x are the voltage thresholds
of ESx. kx and kl are the droop coefficients. x = {a, b, c}).

ESs are identical during the voltage suppression operations, the
rated power of dc-link storages should fulfill

Prate ≥ Pnom
Vmin(VM − Vmin)

V 2
M

(18)

and the power ratings of the storages can be determined for the
respective series ESs by using (18).

V. DESIGN OF THE DECENTRALIZED CONTROLLER

A. Voltage Droop Controller

Based on the analyses given in Section IV, a desirable com-
pensation strategy for achieving the minimum charging and dis-
charging power can be summarized. When multiple series ESs,
which are connected with differently rated NCLs, are operated
to boost the PCC voltage, the series ESs should be activated
from the ES with the minimally rated NCL to the ES with the
maximally rated NCL. When the voltage of a series ES reaches
the maximum and the bus voltage is falling, the series ES with
the next larger power-rated NCL will be activated. By following
this analogy, the series ESs are sequentially activated until all
series ESs reach their respective maximum output voltages. For
voltage suppression operations, the output voltages of the series
ESs should be controlled to be identical. Based on this principle,
the droop curves of ES voltage references Vref_x can be plotted
as shown in Fig. 3.

As shown in Fig. 3, the voltage error Ve between the bus
voltage reference VM_ref and the measured bus voltage VM is
used to determine the voltage references of the respective series
ES. Ve has been divided into six bands and the series ESs will
be controlled differently in each band. When VM sags and Ve

exceeds the voltage threshold of VT _a, Va_ref will be increased
to operate ESa in voltage boosting operation until it reaches
Vmax. In the meantime, Vb_ref and Vc_ref are set at 0 V. When Ve

exceeds the voltage threshold of VT _b, Vb_ref rises to shed Rb

until it reaches Vmax. Meanwhile, Va_ref = Vmax and Vc_ref =
0 V. When Ve exceeds the threshold of VT _c, Va_ref = Vb_ref =
Vmax and Vc_ref will be increased linearly to engage ESc in load
shedding. When Ve > VUB, all referenced voltages of the series
ESs will be set to the maximum.

When VM surges and Ve < 0, the voltage references of series
ESs will be set at the same values. When Ve reaches the lower
bound of VLB, the series ES voltages will be controlled at Vmin.
Mathematically, the ES voltage references described in Fig. 3
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Fig. 4. Circuit diagrams of (a) smart load x and (b) equivalent circuit of smart
load x. (x = {a, b, c}).

can be expressed as

∀x = {a, b, c}
Vref_x =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vmax, Ve ≥
(

VT _x +
Vmax

kx

)

(19a)

kx(Ve − VT _x), VT _x < Ve <

(

VT _x +
Vmax

kx

)

(19b)

0, 0 ≤ Ve ≤ VT _x (19c)

klVe,
Vmin

kl
≤ Ve < 0 (19d)

Vmin, Ve <
Vmin

kl
(19d)

where VT _x are the voltage thresholds of ESx. kx and kl are the
droop coefficients.

B. Voltage Controller of Series ESs

The circuit diagram of smart load x is shown in Fig. 4(a). Two
in-phase sawtooth carriers are used for the modulation of the two
bridge branches. By averaging the smart load branch over one
switching period, the equivalent circuit diagram of smart load x
can be plotted as shown in Fig. 4(b), where r is the equivalent
series resistor of inductor L. The duty ratios of S1 and S3 are
defined as dp and dn, respectively.

According to Fig. 4(b), the state-space model of the smart
load can be expressed as

[
v̇x
˙iL_x

]

=

⎡

⎢
⎢
⎣

− 1

RxC
− 1

C

1

2L
− r

L

⎤

⎥
⎥
⎦

[
vx

iL_x

]

+

⎡

⎢
⎢
⎣

VM

RxC

−ΔdVB

2L

⎤

⎥
⎥
⎦ (20)

where Δd = dp − dn. According to (20), the voltage–current
cascaded control block diagram of a series ES can be plotted as
shown in Fig. 5, where GV and GI are the transfer functions
of the capacitor voltage controller and the inductor current
controller. Their control parameters can be obtained by using
the loop-shaping method.

To ensure the stability of the system, it is desirable to set
the crossover frequency fci of the current loop to one-tenth of
the switching frequency fs [32]. Thus, the closed-loop transfer

Fig. 5. Voltage–current cascaded control block diagram of ESx

(x = {a, b, c}).

Fig. 6. Simplified control block diagram of ESx (x = {a, b, c}).

function of the current loop can be expressed as

Hci =
−GIVB

2Ls+ 2r −GIVB
=

0.2πfs
0.2πfs + s

. (21)

Therefore, GI can be derived as

GI = −0.4(Ls+ r)πfs
VBs

= −0.4Lπfs
VB

− 0.4rπfs
VB

1

s
. (22)

By closing the inner current loop shown in Fig. 5, a simplified
control block diagram of the series ES can be plotted as shown
in Fig. 6.

In Fig. 6, GV is essentially a lead–lag compensator, which
has a transfer function of

GV = −Ax(1 + sTn)

1 + sTd
∀x = {a, b, c} (23)

where Ax is the proportional gain. Tn and Td are the time con-
stants. By setting Tn = CRx, the closed-loop transfer function
of the system shown in Fig. 6 can be expressed as

Hcl_x =
0.2πfsAxRx

(0.2πfs + s)(1 + sTd) + 0.2πfsAxRx

=
0.2πfsAxRx

Tds2 + (1 + 0.2πfsTd)s+ 0.2πfs(1 +AxRx)
(24)

whereHcl_x is a typical second-order system. The damping ratio
ξ and natural frequency ωn of Hcl_x can be expressed as

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

ωn =

√
0.2πfs(1 +AxRx)

Td

ξ =
1 + 0.2πfsTd

2ωnTd

Ts =
4

ξωn

(25)

where Ts is the settling time with 2% steady-state error. Empir-
ically, in order to obtain a fast and damped dynamic response
of a system, it is desirable to set ξ = 0.707 [33]. Here, Ts is set
to be 0.65 ms so that the series ESs can have a similar dynamic
response. As a result, Ax and Td can be derived accordingly.
Table I shows the specifications of the ES and the DC MG.
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TABLE I
SPECIFICATIONS OF THE SERIES ES AND DC MG

TABLE II
PARAMETERS OF VOLTAGE–CURRENT CASCADED CONTROLLERS

Based on the specifications shown in Table I, the control
parameters of the voltage–current cascaded controllers can be
summarized as shown in Table II. By adopting the control
parameters shown in Table II, the closed-loop transfer functions
of the smart loads will be identical, i.e.,

Hcl = Hcl_a = Hcl_b = Hcl_c. (26)

VI. STABILITY ANALYSIS

A. State-Space Model of Series ES Integrated DC MG

It is reported in [34] that the nonlinear behavior of the
maximum power point tracking (MPPT) control, e.g., perturb
and observation control, can affect the stability of the grid. For
conducting a simplified analysis, the dynamics of the MPPT
control are neglected in this article and the RG is modeled as
a constant power source (CPS). For the CL, it is considered as
a CPL [35]. Since the input voltage of the CPL and the output
voltage of the CPS are clamped to the dc bus voltage, it can be
derived that

i =
P

vM
∀i = {iR, iCL}, P = {PR, PCL} (27)

where iR and iCL are the currents of the CPS and CPL, respec-
tively. By linearizing (27) at the point of ( P

VM
, VM ), i.e.,

vM − VM

i− P

VM

=
dvM
di

vM − VM

i− P

VM

= −VM
2

P
(28)

Fig. 7. Simplified circuit diagram of the dc MG shown in Fig. 1(b).

Fig. 8. Overall decentralized control block diagram of the dc MG.

the small-signal models of CPS and CPL can be obtained as
follows:

i = − P

VM
2 vM +

2P

VM
∀i = {iR, iCL}, P = {PR, PCL}.

(29)
According to (29), the CPS and CPL can be equivalent as a

current source of 2 P
VM

in parallel with a resistance of −VM
2

P
[35], [36], i.e.,

⎧
⎪⎪⎨

⎪⎪⎩

RR = −V 2
M

PR
, IR = 2

PR

VM

RCL = − V 2
M

PCL
, ICL = 2

PCL

VM
.

(30)

Therefore, the simplified circuit diagram of the dc MG can be
plotted as shown in Fig. 7.

The overall decentralized voltage control block diagram of
the dc MG can be derived as shown in Fig. 8. The design of the
control parameters is based on the specifications listed in Table I.
The voltage error ve will be fed to a voltage droop controller to
generate the voltage references Vref_x of each series ES. The
output voltages of the series ESs are controlled to track Vref_x,
where the subscript x = a, b, or c.

With the closed-loop control, the dynamics of ESx can be
expressed as

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

dvx
dt

=
vM
CRx

− vx
CRx

− iL_x

C

iL_x = iref_xHci

iref_x = (Vref_x − vx)GV _x.

(31)

Based on the linearized small-signal circuit model shown in
Fig. 7, the dynamics of the series ESs integrated dc MG can be
expressed by

VG − vM
Rd

= CDC
dvM
dt

+
∑

x={a,b,c}

vM − vx
Rx

+
vM
RCL

+
vM
RR

+ ICL + IR. (32)
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By combining (19), (31), and (32), the overall state-space model
of the dc MG can be derived as

Ẋ = A ·X + C (33)

where X = [vM , va, iref_a, iL_a, vb, iref_b, iL_b, vc, iref_c, iL_c]
T .

Since the droop coefficient of ESx will be changed according to
the steady-state operating point, the state-space model will also
be changed accordingly. In the voltage suppression operation,
i.e., when Vmin

kl
≤ Ve < 0 (34) shown at the bottom of this page,

and

C =

[
VG

RdCDC
− ICL + IR

CDC
, 0,

AaCRakl
CDCTd

(
VG

Rd
− ICL − IR

)

− AaVM_refkl
Td

, 0, 0,
AbCRbkl
CDCTd

(
VG

Rd
− ICL − IR

)

− AbVM_refkl
Td

, 0, 0,
AcCRckl
CDCTd

(
VG

Rd
− ICL − IR

)

− AcVM_refkl
Td

, 0

]T

. (35)

In (34)

γ = − 1

CDC

⎛

⎝
1

RCL
+

1

RR
+

1

Rd
+

∑

x={a,b,c}

1

Rx

⎞

⎠ (36)

∀x={a, b, c},

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

αx =
AxklCRx

CDCTd

(
CDC

CRx
+

CDC

CRxkl
− 1

RCL

− 1

RR
− 1

Rd
−
∑

x={a,b,c}
1

Rx

)

βx =
AxCRxkl
CDCTd

∑

x={a,b,c}
1

Rx
.

(37)

For voltage boosting operation, e.g., when 0 < Ve < VT _b, (38)
shown at the bottom of the next page, and

C =

[
VG

RdCDC
− ICL + IR

CDC
, 0,

AaCRaka
CDCTd

(
VG

Rd
− ICL − IR

)

− AaVM_refka
Td

, 0, 0,−AbVref_b

Td
, 0, 0,−AcVref_c

Td
, 0

]T

.

(39)

In (38)

∀x={a, b, c},

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

α′
x=

AxkxCRx

CDCTd

(
CDC

CRx
+

CDC

CRxkx
− 1

RCL

− 1

RR
− 1

Rd
−
∑

x={a,b,c}
1

Rx

)

β′
x=

AxCRxkx
CDCTd

∑

x={a,b,c}
1

Rx
.

(40)

Since the other voltage boosting operating conditions are
similar to the case of (38) and (39), the corresponding formulas
are not provided here. The steady-state operating point XS of
the dc MG can be derived by solving

A ·XS + C = 0

XS = −A−1C. (41)

By substituting the solutions of (41) into (34) and (38), the small-
signal stability of the series ES integrated dc MG at the steady-
state operating point can be analyzed.

B. Case Study

1) Voltage Suppression Operation: When the RG reaches
its maximum power generation (PR = 2216 W), the dc MG
is overvoltage and all series ESs will be operated in droop

A =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
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⎢
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⎢
⎢
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γ
1

CDCRa
0 0

1

CDCRb
0 0

1

CDCRc
0 0

1

CRa
− 1

CRa
0 − 1

C
0 0 0 0 0 0

αa βa − 1

Td
−AaRa

Td
0 0 0 0 0 0

0 0 0.2πfs −0.2πfs 0 0 0 0 0 0

1

CRb
0 0 0 − 1

CRb
0 − 1

C
0 0 0

αb 0 0 0 βb − 1

Td
−AbRb

Td
0 0 0

0 0 0 0 0 0.2πfs −0.2πfs 0 0 0

1

CRc
0 0 0 0 0 0 − 1

CRc
0 − 1

C

αc 0 0 0 0 0 0 βc − 1

Td
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(34)
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mode. By gradually changing kl from 0.1 to 7.85, calculating the
corresponding XS and A, the poles of the linearized dc MG can
be plotted as shown in Fig. 9(a). When kl increases, the poles on
the left-hand side are moving rightward and the dominant poles
are moving leftward. The increase of kl will render that the
left-side poles move toward the right half-plane, which results
instability [37]. For a conservative design, kl is set to be 7.85.
Since all poles are located on the left half-plane, the system is
stable.

2) Voltage Boosting Operation: When PR = −600 W, ESa

will be operated in droop mode to boost the PCC voltage.
Meanwhile, Vb and Vc are controlled to be 0 V. Similarly, the
poles of the linearized dc MG can be plotted with respect to
ka as shown in Fig. 9(b). When ka is gradually changed from
0.1 to 30, the dominant poles on the right-hand side are moving
toward the left-hand side. While the poles on the left-hand side
are moving rightward. Here, ka is designed to be 30 to avoid the
right-half-plane poles. As illustrated in Fig. 9(b), all poles of the
system are on the left half-plane and the system is stable.

By following the same procedure, the system poles of the
linearized dc MG with PR = 450 W and PR = 0 W can be
plotted as shown in Fig. 9(c) and (d). By setting kb = 15 and
kc = 10, the system stability can be guaranteed. Consequently,
the voltage thresholds can be calculated as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

VLB =
Vmin

kl
= −7.6 V

VT _a = 0 V

VT _b = VT _a +
Vmax

ka
= 2 V

VT _c = VT _b +
Vmax

kb
= 6 V

VUB = VT _c +
Vmax

kc
= 12 V.

(42)
Fig. 9. Poles of the linearized dc MG when droop coefficients are gradually
changed. (a) PR = −2216 W, ESa, ESb, and ESc are operated in droop
mode. (b) PR = −600 W, Vb = Vc = 0 V, and ESa is operated in droop mode.
(c) PR = −450 W, Va = Vmax, Vc = 0 V, and ESb is operated in droop mode.
(d) PR = 0 W, Va = Vb = Vmax, and ESc is operated in droop mode.
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Fig. 10. Experimental setup of the series ES integrated dc MG.

VII. EXPERIMENT AND SIMULATION RESULTS

Experiments on a 120-V dc MG have been conducted to
verify the storage reduction functionality of the proposed control
strategy. The circuit diagrams of the dc MG and the series
ES are shown in Figs. 1(b) and 4, respectively. The hardware
implementation of the experiment setup is shown in Fig. 10.
The corresponding specifications are listed in Table I. The
intermittent RG and the main dc source are emulated by a
programmable dc power supply (Chroma 60150H 600S). It is
controlled to inject a fluctuating power to the system. The CL
is emulated by a dc electronic load (Chroma 63802). It draws
a constant dc power of 400 W from the grid. ESa, ESb, and
ESc are connected in series with a light load (144Ω), a medium
load (72Ω), and a heavy load (48Ω), respectively. There are
five pieces of valve-regulated-lead-acid batteries installed as the
dc-link storage of each series ES. Each battery has a terminal
voltage of 12 V. Considering the acceptable voltage and power
variation of typical NCLs, such as water heater [38], [39] and
water electrolyser [40], the ES output voltages are limited be-
tween −60 V and +60 V for experimental demonstrations. The
decentralized voltage controllers are programmed in the digital
signal processors (TMS320F28069) to control the series ESs.

A. Charging and Discharging Power Curves of Batteries

In this experiment, the power of the programmable dc power
supply is changed from 692 to 1548 W so thatPOS will be varied
from −419 to 437 W. For the first set of experiments, the series
ESs are controlled by the proposed droop controller to regulate
VM to be within the vicinity of 120 V. For the second set of
experiments, the series ESs are controlled by a conventional
droop controller to restore VM to the same voltage level. This
conventional droop controller will operate all series ESs to have
nearly identical charging and discharging power until the series
ESs reach the output voltage limits. The experiment results are
shown in Fig. 11.

Fig. 11(a) shows the total battery power PT with respect
to the variation of POS. By subtracting PT of the conven-
tional controller from that of the proposed controller, the power
difference between the two curves shown in Fig. 11(a) can be
plotted as shown in Fig. 11(b). In the voltage boosting operation,

Fig. 11. (a) Measured PT and (b) power difference with respect to the change
ofPOS. (a) MeasuredPT with respect to the change ofPOS. (b) Power difference
with respect to the change of POS.

the charging power of batteries with the proposed controller is
smaller than that of the conventional controller. The maximum
reduced charging power is as large as 29.3 W. This means that the
proposed controller can effectively reduce the charging power
of the batteries and thus the battery capacity can be reduced.
In the voltage suppression operation, the discharging power of
batteries with the proposed controller is smaller than that of
the conventional controller. The maximum reduced discharging
power is as large as 10 W. This means that the proposed controller
can decrease the discharging power of the batteries and that the
storage capacity required for delivering energy can be reduced.
WhenPOS approaches 400 or−400 W, the power difference will
become nearly 0 W since the series ES voltages will reach the
output limits.

B. Stabilizing DC Bus Voltage

In this experiment, the programmable dc source is controlled
to generate a randomly fluctuating power to the system for 200 s.
The time profile of the generated power is shown in Fig. 12.
The series ESs will be controlled to regulate VM to be within
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Fig. 12. Time profile of the generated power of the programmable source.

Fig. 13. Experiment waveforms of bus voltage and series ES voltages with
(a) proposed controller and (b) conventional controller.

the vicinity of 120 V by using the proposed controller and the
conventional controller.

Fig. 13 shows the experimental waveforms of VM and the
series ES voltages under the two controllers. Both the proposed
controller and the conventional controller will operate the se-
ries ESs to regulate VM between 108 and 128 V. As shown
in Fig. 13(a), when VM < 120 V, the proposed controller will
engage the series ESs in voltage boosting operation sequentially.
When VM decreases, Va rises first to shed the light load until
it reaches the maximum output voltage of 60 V. As VM keeps
decreasing, Vb starts to rise and the medium load is shed. When
Vb reaches 60 V andVM is falling,Vc increases to shed the heavy
load. When VM > 120 V, the proposed controller operates the
series ESs at identical voltage levels to boost the NCLs.

As shown in Fig. 13(b), the conventional controller engages
all series ESs in voltage boosting and suppression operations.
However, the slopes of the ES voltage profiles are different. Va

with the light load has a steep slope and Vc with the heavy load

Fig. 14. Experiment waveforms of (a) total battery power and (b) total
accumulated battery energy.

has a gentle slope. In this way, the powers of different series ESs
can be controlled to be nearly identical.

The measured time profiles of the total battery power and total
accumulated battery energy are plotted as shown in Fig. 14(a)
and (b), respectively. As illustrated in Fig. 14(a), the charging
and discharging power of the series ESs with the conventional
controller is always larger than that of the proposed controller.
This proves that the proposed controller can operate the series
ESs to use a small amount of power to regulate VM .

As shown in Fig. 14(b), for the conventional controller, the
maximum stored and delivered energy of the series ESs’ battery
are 2.47 and −1.68 kJ, respectively. Thus, the maximum energy
deviation of battery storages can be calculated as 4.15 kJ accord-
ing to (10). For the proposed controller, the maximum stored and
delivered energies are 1.45 and −2.42 kJ, respectively. The cor-
responding maximum energy deviation of battery storage can be
calculated as 3.87 kJ, which is 92.5% of that of the conventional
controller. Since the storage capacity should be sufficiently large
to buffer the maximum possible energy deviation, the minimum
required storage capacity of the series ES can be reduced by 7.5%
by using the proposed controller. This proves that the proposed
controller can effectively reduce the required storage capacity
of the series ESs.

C. Dynamic Response

In this experiment, the output voltage of the programmable
power supply is controlled to step up from 134.2 to 142 V. The
three sets of series ESs are operated by the proposed controller
to suppress the bus voltage.

The experiment waveforms are shown in Fig. 15. When the
bus voltage VM surges, the three series ESs output negative dc
voltage of −33 V to boost the NCLs. With the support of the
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Fig. 15. Experiment waveforms of transient responses of multiple series ESs.

Fig. 16. Circuit schematic diagram of the simulated faulted dc MG.

series ESs, the bus voltage is stabilized at 125.2 V in 30.8 ms.
As illustrated in Fig. 15, the voltage waveforms of the three ESs
fluctuated for around one cycle before settling at an identical
value. The controller can ensure that the dynamic responses of
the series ESs are almost identical. This assures that the voltages
of the series ESs are always the same such that the minimum
discharging power of the series ESs can be obtained.

D. Voltage Responses During Grid Fault

In order to demonstrate that the series ESs can assist the
CPL to survive the fault, a simulation study of a faulted 14-kW
dc MG is performed. The circuit schematic diagram of the
simulated system is illustrated in Fig. 16 and the corresponding
specifications are listed in Table III. The RG is simulated by a
boost converter, which converts a dc power of 4.1 kW from a
60-V dc source VR to the grid. Whereas the main dc source is
delivering 6.5 kW to the grid. The CPL is essentially a boost-
converter-interfaced load with an output resistance of 20Ω. It
consistently absorbs a power of 4 kW from the grid. When the
fault happens, a 4-kW resistive load R will be short circuited
to a low resistance of 1Ω. In the meantime, the series ESs will
respond to hold the PCC voltage. After 10 ms, the faulted load
R will be tripped from the MG to clear the fault. The simulated
waveforms of the dc MG are shown in Fig. 17.

As shown in Fig. 17(a) and (b), before the fault occurs, VM

is stabilized at 120 V and the output voltage Vo of the CPL is
regulated to 283 V. When the dc bus is short circuited at 0.02 s,

TABLE III
SPECIFICATIONS OF THE SIMULATION

Fig. 17. Simulated voltage waveforms of CPL-integrated dc MGs with and
without the series ESs. (a) DC bus voltages. (b) Output voltages of CPLs.
(c) ES output voltages.

without the series ESs, VM drops to 96.3 V and a voltage dip of
47.4 V is generated on Vo. Thereafter, the inherent control loop
of CPL operates the boost converter to correct the voltage dip.
At 0.03 s, R is tripped by the circuit breaker CB. Without the
series ESs, VM rises up to 129 V. Meanwhile, a voltage spike of
59.6 V is generated on the profile of Vo due to the surge of VM .

When the series ESs activated, all series ESs are controlled to
output a voltage of 60 V during the fault as shown in Fig. 17(c).
Since the NCLs are shed by the series ESs, the voltage dip of
VM is alleviated. VM drops to 101 V, which is higher than that
in the case without the series ESs. After the fault is cleared,
VM surges to 128 V. Since then, the voltages of the series ESs
are unanimously controlled at −40 V to suppress VM at 124 V.
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As illustrated in Fig. 17(b), the maximum voltage dip (14.6 V)
and voltage spikes (18.4) of Vo with the series ESs are generally
smaller than those in the case without the series ESs. This proves
that the series ESs can quickly respond to the grid fault for
reducing the impacts of bus voltage deviations on the CPL.
Consequently, the CPL can better survive the fault.

VIII. CONCLUSION

The different power-rated NCLs will affect the charging and
discharging power of the series ESs’ battery storages. This offers
the possibility of reducing the series ES storage capacity. The
operating conditions of multiple series ESs in achieving the
minimum charging and discharging power have been explicitly
derived. Based on this, a decentralized controller that can reduce
the total storage capacity of the series ESs has been designed
and verified for a 120-V dc MG system. It is demonstrated
that the series ESs can improve the voltage stability of a dc
MG with a CPL. The experiment results have proved that the
proposed decentralized controller can effectively coordinate the
operations of multiple series ESs to reduce the total battery
storage capacity in dc MGs.
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