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Abstract— In this paper, a decentralized PV-BES coordination
control method for Plug-n-Play (PnP) dc microgrid (MG) is
proposed. With proposed control method, PV units can operate
under dc bus voltage control when battery energy storage (BES)
units are saturated due to SoC limit or charging/discharging
power limit. The mode transition and power sharing are based on
a communication-less manner. By bypassing communication, the
MG system can become more flexible and reliable. The proposed
control system contains controllers for PV converter and BES
converter, respectively. The PV converter controller can achieve
seamless mode transition between MPPT control and droop
control. BES converter controller has a decoupled feature that a
high-pass-filter (HPF) path could improve MG dynamic
performance under generation-dominating mode. The BES HPF
compensation overcomes the issue of poor dynamic performance
under PV-dominating mode and makes the system more resistive
to PV parameter variation. The Detailed design, analysis and
implementation of the proposed PV-BES coordination control is
provided in this paper. Simulation and experimental results have
been provided to verify the concept and analytical study.

Keywords—dc microgrid, modular microgrid, decentralized
control, droop control

l. INTRODUCTION

Photovoltaic (PV) generation has become a mainstream
power source in the past decade. Advantages of wide
distribution and zero emission have made PV generation a
promising energy solution for remote areas [1]-[3]. Compared
to conventional centralized power system, PV generation has a
distributed characteristic, which relies on microgrid (MG) as an
effective way to utilize solar energy [4]-[7]. As an integration
of generation, load and energy storage, MG could constantly
supply stable power and support a variety of loads, while
maintaining a low upfront cost and a short leading time.

Besides conventional central-designed MG, scalable Plug-
n-Play (PnP) MG has become a hot topic in both academic and
industrial areas [8]-[10]. Fig. 1 shows a conceptual diagram of
a scalable PnP MG. A PnP MG could further reduce the design
and installation cost and allows user to grow the power network
organically as demand growing [11]. Among the various types
of MGs, dc MG has gained more attentions due to its reliability,
efficiency, and simplicity of control, which is suitable for
islanded PnP MG applications [8].

The scalable PnP MG has become a promising solution to
the energy poverty problem in rural areas. To achieve high
modularity and scalability in PnP MG, the key considerations
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of design are different from conventional central-designed MG.
Besides a highly modularized hardware structure (Full Power
Processing converters for both PV and battery converters), a
fully decentralized control system independent from
communication should also be developed, where droop control
is the most commonly used decentralized control method to
achieve voltage regulation and power sharing among MG
components [12].

Different from grid-tied MG systems, there is no main utility
grid to support energy or stabilize voltage in islanded MG. The
power balance needs to be maintained by local MG components.
Usually, Battery Energy Storage (BES) systems are used to
balance the power mismatch between generation and load with
droop control [8]. However, a BES system cannot be available
all the time due to its State-of-Charge (SoC) limit and
charging/discharging power limit. Thus, it is necessary to have
PV generation as bus voltage regulator when BES is saturated
[13]. Thus, besides Maximum Power Point Tracking (MPPT)
mode, PV converters should be able to operate under droop



control mode to enhance system capability of dc bus voltage
regulation.

To achieve power sharing and mode transition at the same
time without communication, literature [14] proposed a
decentralized mode-adaptive control technology with dc bus
signaling to achieve communication-less droop control
coordination. And [15] has applied this decentralized control
method to a PnP microgrid system for remote electrification.
This decentralized control method could provide higher
reliability, flexibility and scalability than associating with an
additional central controller and a communication link. Fig. 2
shows the conceptual diagram. To better represent the droop
controls used in this paper, the diagram in Fig. 2 is in a P-V
plane rather than a I-V plane. When BES is available, dc bus is
under BES droop control, namely storage-dominating mode.
When BESs are full or at maximum charging power, dc bus
voltage will rise and PV will operate in droop control mode
rather than MPPT mode, namely generation-dominating mode.
The vertical MPP lines represent the uncertain maximum power
of PV generations. When BESs are drained or at maximum
discharging power, dc bus voltage will decrease and MG will
inject power from outer network or reduce load, namely usage-
dominating mode. For study of islanded MG, this paper is more
focused on generation-dominating mode and storage-
dominating mode.

Besides mode adaption, PV generation need to be able to
operate under bus voltage control mode while most of current
PV products only considers MPPT control. However, the
conventional droop control is usually used for BES system [16].
The performance would be deteriorated when applying to PV
generation. The bus voltage regulation could become very weak
under generation-dominating mode, especially at light-load
condition. The PV parameters could vary a lot due to different
weather conditions, which also increases the design difficulty
of control system. As a result, the transient could have very
large overshoot which could damage system or cause safety
problems [17]. Thus, for PV generation, it is neither robust nor
safe to simplify apply droop control in generation-dominating
mode.

Literatures [13] and [18] have provided some solutions to
solve this problem to use other control methods rather than
conventional V-l droop control. Paper [13] proposed to use
model predictive control to achieve both MPPT control and
droop control of PV generation system. However, the mode
transition relies on a switch to select mode, which reduces
system robustness and the control algorithm is complicated
which requires more advanced computing units. Paper [18]
proposed a control method that the inner loop controls dP/dV to
overcome the drawback of lacking loop gain at MPP with
conventional inner PV voltage loop. However, it highly relies
on accurate measurement and derivative calculation which can
be expensive and is less robust towards noises. Other
approaches use additional devices, e.g. [19] used super
capacitors, to help voltage regulation under PV-dominating
mode, which could increase cost and reduce system reliability
due to the additional components.
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Fig. 3 Block diagram of PV converter controller with seamless mode selection.

This paper proposed a method using existing BES system to
compensate the transient energy and keep the voltage regulation
at an acceptable performance even under generation-
dominating mode, without adding any additional component.
The conventional BES controller is separated into two paths, a
low-pass-filter (LPF) path and a high-pass-filter (HPF) path.
The LPF path balances power at steady state and the HPF path
balances power at transient. The LPF and HPF paths have
separate SoC limit and charging/discharging limit. Thus, even
when BES is saturated, BES can still contribute to dynamic
compensation. The combined performance of two control paths
are same as conventional I-V droop control. With proposed
method, the microgrid can be kept stable and robust under
generation-dominating mode with PV generation and without
any additional cost.

The contribution of this paper:

1) Proposed decentralized communication-less control for
PV and BES converters respectively, with seamless mode
transitions, which is more robust and highly suitable for PnP
MG.

2) Provided small signal models for PV converter under bus
voltage droop control. The effect of PV parameter variation is
analyzed.

3) Proposed a decoupled BES control method that BES can
still provide dynamic compensation under PV-dominating mode
which enhances voltage regulation performance under PV-
dominating mode towards PV parameter variation.

The paper is organized as following: In Section I, the
proposed control system for PV and BES converters are
introduced, respectively. In Section 111, small signal analysis of
PV bus voltage control is conducted on each control loop and
the overall system, the effect of PV parameter variation and
proposed BES HPF compensation are studied. Section IV
provides simulation and experiment results to verify the
proposed coordination control. And conclusion is given in
Section V.

Il.  PROPOSED CONTROL SYSTEM

In order to achieve PnP feature of PV and BES modules in
dc microgrids, a fully decentralized control system independent
from communication is proposed in this paper. The control
system contains individual controllers for BES converter and PV
converter, respectively. With proposed control method, control
parameters of existing converters do not need any adjustment
when a new PV or BES module is installed into the MG. The



robustness and fast response of dc link voltage regulation can be
maintained under both storage-dominating and generation-
dominating modes. The general droop coordination is based on
dc bus voltage signalling as shown in Fig. 2. Detailed design is
given as following.

A. Proposed PV Converter Control Method

Fig. 3 shows the proposed mode adaptive PV control
diagram. There are three control loops where the inner loop
controls PV output current, the middle loop controls PV terminal
voltage and the outer loop is V-1 droop control loop. The output
of outer vy, loop goes through a saturator, of which the upper
limit is set to MPP voltage Vypp. By setting the rated bus voltage
of PV droop control, Vs pyhigher than that of BES converters,

the output of vy, Pl controller will always be saturated to Vypp,
as long as the bus voltage is regulated by BES converters. When
BESs are overcharged, vy,,s Will rise up higher than v, ,..¢, and,
as aresult, vpy ¢ Will decrease to lower than Vypp. Thus the PV
module will operate with reduced output power, and the
seamless mode transition of PV module can be achieved. Noted
that the saturation characteristic of vpy .o requires a integrator
in the droop control, which explains why V-I droop control is
used for PV converter control rather than I-V droop control [19].

Different from a typical V-I droop controlled system, the
proposed PV controller has three control loops. It requires two
loops (v, loop and i, loop) to stabilize PV output power rather
than a simple current loop for BES applications. And since the
bandwidth of MPPT control is much slower than the PV voltage
loop, in steady state, ipy is equal t0 ipy,. Thus ipy, rather than
ipyo Can be used for MPPT controller to reduce the number of
current sensors. Furthermore, different from a typical V-1 droop
control, it is actually a V-P droop control which uses power
measured on the PV panel side to replace the measured current
on the dc bus side, which can further reduce the number of
current sensors. For the proposed PV control system, only one
current sensor in total is required.

The maximum inner loop bandwidth is limited by switching
frequency, and each control loop should typically have a 5-10
times bandwidth difference with their neighbor. As a result,
increased number of control loops will deteriorate the outer loop
dynamic performance. The controller performance will be
discussed in Section Il with a small signal analysis. And the
proposed BES converter controller, which will be discussed in
next sector, will provide dynamic compensation to help voltage
regulation under PV-dominating mode to address this issue.

B. Proposed BES Converter Control Method

As mentioned above, PV droop control has a relatively poor
dynamic performance on bus voltage regulation. Furthermore,
the power flow of PV converter is unidirectional. As a result, at
zero load condition, if BESs cannot further absorb energy, the
bus voltage will be kept at the peak overshoot value due to the
energy cannot be consumed. Thus, it is necessary to keep the
ability of dynamic regulation of BES converters even under
generation-dominating mode. Different form PV converter, BES
converter does not need complicated mode transition. 1-V droop
control can be used. Only one current loop is used in I-V droop
control. The bandwidth can be much higher than that of V-I
droop control. With BES helping PV droop control, the dynamic
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Fig. 4 Block diagram of SoC-based droop control for BES converter.

TABLEl. SATURATOR LIMITS DESIGN EXAMPLE
SoC level Saturator on LPF path Satg;z:ﬁg;{cr)gf%?g?}téged
minl max1 min2 max2

SoC>100% 0 5A 0 8A

S0C>95% 0 5A -6A 8A
30%< SoC<95% -3A 5A -6A 8A

S0C<30% -3A 0 -6A 8A

S0C>25% -3A 0 -6A 0

response can be kept at high performance under both storage-
dominating mode and generation-dominating mode.

Fig. 4 shows the block diagram of proposed BES controller.
The conventional 1-V droop control is decoupled into two paths
with a low-pass filter (LPF) and a high-pass filter (HPF). The
LPF path could provide the ability of power sharing and power
balance at steady state. The HPF path which is a dynamic
compensation path is used to compensate transient energy. The
combined performance is similar to that of conventional 1-V
droop control if time constant of LPF and HPF are selected same.
The decoupled design has following advantages,

1) Different current limits can be put on two paths. The
main power flow is determined by the LPF path. The HPF path
only has minor effect on energy exchange, which will not affect
BES SoC level significantly. Thus, BES dynamic compensation
path can be kept active even when LPF path is saturated. Table
I shows a design example of saturator limits.

2) Different droop coefficient can be applied to two paths.
The LPF path can have a large m; value to narrow the bus
voltage steady state error. The HPF path can have a relatively
small m, value to avoid impact of noise.

For steady state analysis, the effect of HPF path can be
neglected.

A SoC term is also added to the BES I-V droop control to
achieve SoC self-convergence. Different from existing SoC self-
convergence control that modifies droop coefficient [15][20],
the proposed control adds an offsite to the droop line to better fit
the dc bus voltage signaling technology. Besides the
conventional I-V droop term that output current is proportional
to voltage error, it contains an SoC ramp term. With the
additional term, the output current will slightly increase when
the BES SoC level is higher than SoC*; the output current will
slightly decrease when SoC level is lower than SoC*. Thus,
SoCs among multiple BESs can get to a convergence.
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TABLE Il. PARAMETERS FOR SMALL SIGNAL ANALYSIS
Symbol Value Symbol Value
Vbus,BES 48V Vouspv” 53V
Cous 660 uF Cpy 200 uF
kp bus 3.5 my 1
ki bus 100 m, 1
kp py 10 tLpr 0.01
kipy 2 typr 0.01
r 1/100 VaEs 48V

I1l.  SMALL SIGNAL ANALYSIS

As mentioned, with conventional V-I droop control, dc bus
voltage regulation has a relatively poor dynamic performance
with PV droop control due to the low control bandwidth and lack
the ability of bidirectional power flow. A decoupled BES droop
control strategy is proposed to improve system performance
under generation-dominating mode. This section mainly studies
the voltage regulation performance under generation-
dominating mode with small signal analysis.

Notice that, besides the droop controller, the PV controller has
a triple loop structure (PV current loop, PV voltage loop and dc
bus voltage loop). Thus, the control parameters need to be
carefully selected to avoid any interactions among the control
loops. Bode diagrams which can clearly show the crossover
frequency of each control loop, is used to show guide the design
of each control loop. And for the overall system including the
V-I droop controller, a state space model is derived from the
transfer function models, which is more convenient to evaluate
the overall system performance.

A. Transfer function models

Fig. 5 (a) shows the control block diagrams of v, droop
control under generation-dominating mode without BES HPF
compensation. Fig. 5 (b) shows the control block diagram that
with BES HPF compensation. It can be seen that the BES HPF
compensation could add a feedforward control path to the
system.

. T
IPV | Kpv| decrease

MPP |
1]

K’>0
dpy/dvp>0
Stable range

K’<0
dpp/dv,<0
Unstable range

0 va
Fig. 6 PV curve showing parameters variation.

The current controller of PV converter can be achieved with
hysteresis controller or PI controller with high control
bandwidth. The response speed of PV current loop is much
faster than that of outer loops. To simplify the study, the closed-
loop transfer function of PV current loop can be regard as 1.

PV arrays has a nonlinear |-V characteristic. Usually a
linearized express can be written as,

Tpvo = KpyUpy 1)
where Kpy can be expressed as,
_ Nplscn . vpy
Kev = fop Voemsar-1ramey, - XP Gver?) @
Kpy is always negative and the detailed parameters for PV
modeling can be found in [21][22].
By adding perturbation to vpy differential equation,
Ad(Vpy+Ppy) . -
CPV% = Ipyo + Tpvo = Ipv — Tpy (3)
Putting (1) into (3), Ty, can be expressed as,
_ Upv(s) _ 1
PL ™ py(s) — —Cpy-s+Kpy “)
By adding perturbation to ppy calculation,
Ppy + Ppy = (Vv + Upy) * (py + Tpy) ®)
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Fig. 8 Bode diagrams of bus voltage loop without BES compensation.

Put (1) into (5), T,,, can be obtained as,

bpv (S) '
pz = Z:Z(z) = KpyVpy + Ipy = K (6)
where the gain K’ is a constant depending on the PV operating
point.
From (6), at steady state MPP operation,
PRV _ g7 — )
dUpV

Fig. 6 shows the operation regions and relationships among
PV parameters and PV curve. The unstable region yields the
situation that T,, < 0, which makes the overall system a
positive feedback system.

By adding perturbation to vy, energy balance equation,

Cbus d(Vbus"'ﬁbus)2
2 dt

T,3 can be obtained as,

= Ppus + Dbus (8)

_ Thus(S) _ 1
p3 Pbus(s) - ChusVbus's (9)
When without BES HPF loop, py,,s = ppy; When with BES HPF
loop, pyys = Ppv + PrEs:

Transfer functions of PI controllers for vy,,s loop and vpy
loop can be expressed as,

Upy ref(s) kpbusStkibus
Torpus = — ==k (10)
’ Verr(s) S
__Ipyref(s) _  kppvstkipy
Tprpy = - (11)
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Fig. 9 Bode diagrams of bus voltage loop with BES HPF compensation.

The HPF in BES dynamic compensation loop can be written
as,
LHPF'S (12)

T, =
HPF typr's+1

B. PV voltage loop

With (11) and (4), the vpv loop open-loop transfer function
can be obtained,

kp,pvs+kipy (13)

TorLvev = Tprpy - Tpl = —Cpy-s2+Kpy-s

Assuming the PV current loop crossover frequency is around
4kHz (switching frequency is 20kHz). The crossover frequency
of vpy loop should be 5 times lesser at least, which is around 800
Hz. With parameters given in Table Il, bode diagram of vpy
open-loop transfer function can be obtained as Fig. 7. With Kpy
varying in the range of -0.01 to -0.1, the crossover frequency
kept close to 717 Hz with a phase margin in the range of 88.5 to
94.2 degree. Thus, the PV voltage loop is robust towards PV
parameters variation.

C. Dc bus voltage loop

1. Without BES compensation
The closed-loop transfer function between ipy and vpy pef
can be derived as,

ToL VPV
TeLvey = (14)
’ 1+ToLvpPV

Without BES HPF loop, the viwus open-loop transfer function
is,

Tor,vbus1 = Teipus * TeLvey 'sz ' Tp3 (15)
The open loop gain of (15) can be derived as,
_ kp,PV'kp,bus'K,

Kovvbus1 = CrvChusVbus (16)

Notice that K’ may vary a lot due to different operation
conditions of PV generation, which could affect the overall
system performance. Especially when the operating point is
close to MPP, K’ will be close to zero and slows down the
system response.

Fig. 8 shows bode diagrams of dc bus voltage loop with K’
varying from 0.02 to 1.8. System crossover frequency is badly
affected due to K’ change. When K’ is reduced, the control
bandwidth decreases significantly (4.8 Hz when K'=0.2, 1.3 Hz
when K’'=0.02), with insufficient phase margins (45 degree
when K'=0.2, 15.5 degree when K'=0.02).



Furthermore K’ has to be positive to guarantee a positive loop
gain. Thus, considering (7), it is necessary to keep PV generation

operating in the range oszﬂ > 0. However, the output of
PV

MPPT controller changes very slow. To avoid operation in the
unstable range, the saturator in PV controller, as shown in Fig.
2, limits the PV voltage to operate in the stable range. However,
the Vypp tracking is very slow, so the PV has a chance operating
in the unstable range for a short time during transient, which
could cause stability issues towards transient operations.

Thus, in generation-dominating mode, the voltage regulation
solely relying on PV converter has relatively poor performance
and less robustness. A compensation from other MG
components is necessary to keep the bus voltage regulation
under acceptable performance.

1. With BES compensation

As mentioned, a compensation from other MG components
is necessary to keep a good bus voltage regulation performance.
This can be achieved by using existing BESs. Though in
generation-dominating mode, BES is saturated, it can still
provide dynamic compensation which would not cause
significant amount of energy flow.

As Fig. 4 (b) showing the control diagram, the v, open-
loop transfer function is,

Torvbus2 = (Tpibus * TeLvev * Tp2 + Tupr - M3 * Vgar) * Tps
17)

Fig. 9 shows bode plots of transfer function (17) with
different PV parameters. It can be seen the crossover frequency
stays constantly around 1200 Hz with phase margin around 90
degree towards K’ variation. And the crossover frequency can
be kept at a relatively high value despite the inner PV voltage
loop restriction. Thus, the BES compensation loop, as a feed-
forward loop, which is independent from PV parameters, can
make the system more resistive towards PV parameter change
and improve system’s dynamic performance.

Thus, with BES compensation, even under generation-
dominating mode, the dc bus voltage regulation can be kept
robust and with a good dynamic performance.

D. Overall system analysis using state space model

To evaluate the performance of overall system involving the
V-1 droop control, the transfer function method would become
too complicated due to the droop controller has an interaction
with the inner loop output ppys. Thus, a state space model is
provided for overall system evaluation.

The closed-loop state equations for the system can be
expressed as,
X=A-X+B-U (18)
For system given in Fig. 5 (a), the state vector can be selected
as,

X1 = [ﬁbus ﬁPV ﬁPV,ref TPV]T (19)

The differential equations for each state variable can be
obtained by applying Inverse Laplace Transform to the transfer
functions.

From (6) and (9), the differential equation of ¥, Is,

dPpys Pbus K1 ~
dt  CousVbus  CousVous JPV (20)
busVbus busVbus

From (4), the differential equation of py is,

dipy Kpy ~ 1 .
—— =—Tpy ——1 21
o g, L, @)

From (10), the differential equation of Tpy .o IS,

dﬁPV,ref
dt

, dv dipys I~ ~
= kp,bus (TK Zl;v - Udbt ) + ki,bus (T’K Upy — vbus) (22)

From (11), the differential equation of 1py is,

dipy
dt

dUpyref  dipy ~ ~
= _kp,PV( dtre - dt‘) = kipv (Tpyrer — Tpv)  (23)

From (20)-(23), the system matrix A, can be written as follow,

0 K 0
CbusVbus
0 Kpv 0 X
A= cev cPv (24)
rKk'k b
_ki bus as; 0 —
’ Cpv
lkp,pvki,bus Ay _ki,pv Ay J
where
! !
(oo = _TK kp,buskp,pv +7rK'k _ kp,busK
32 — i,bus
CPV Cbustus
k, v K
_ p.pv*PV
Ayy = _kp,pv “azp + C + ki,pv
PV
@ = kp,pv(l - TK,kp,bus)
44 —
CPV

For system given in Fig. 5 (b), the state vector is selected as,
ﬁPV 17PV,ref iPV z ]T (25)

Follow the similar approach, the system matrix A, is,

Xz = [ﬁbus

K1 mV
0 0 0 bat
CbusVbus CbusVbus
Kpy 1
0 — 0 - 0
Cpv Cpv
rK'k
p,bus
—kKibus asz 0 -
PV
kp,pvki,bus Ay _ki,pv Qg
K1 1
0 - 0 0 -
CbusVbus tHPF -
(26)

where as,, a,,, a,, are same as provided in (24).
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Fig. 10 Dominant eigenvalues of overall system, (a) without BES compensation, (b) with BES compensation, (c) with different HPF time constants.

1. Without BES compensation

To simplify the analysis of a high-order system, the dominant
eigenvalue approximation can be applied when the other
eigenvalues are much further from the imaginary axis than the
dominant poles.

With state matrix given by (24), Fig. 10 (a) shows changes of
dominant eigenvalues along with PV operating point change. It
can be seen the system is stable as long as K’ > 0. However,
when K’ < 1.03, the dominant eigenvalues become a pair of
conjugate eigenvalues with relatively large imaginary parts,
which could lead to significant oscillation during dynamic
process.

2. With BES compensation

With state matrix given by (26), Fig. 10 (b) shows changes of
dominant eigenvalues along with PV operating point change.
The system is stable as long as K’ > 0. And, when K’ < 0.06,
the dominant eigenvalues become a pair of conjugate
eigenvalues with small imaginary parts (w < 1.7 rad/s).

The system with BES compensation is less likely being
oscillated: only when K’ < 0.06 (almost on the MPP point),
dominant eigenvalues become conjugate; oscillating frequency
is very low that w < 1.7 rad/s.

However, involvement of BES compensation pushes
dominant eigenvalues closer to imaginary axis due to the HPF.
As a result, the dynamic response will be slowed down
inevitably.

Fig. 10 (c) shows the loci with different typg. Obviously,
there is a trade-off between oscillation and dynamic response
speed. In this case of dc bus voltage regulation, slow dynamic
response speed is acceptable that the dc bus voltage should not
have big step changes during normal operation, which will be
discussed in simulation study.

IV. SIMULATION AND EXPERIMENTAL STUDY

A. Simulation Study

Simulations based on PLECS are performed to verify the
analytical study. Table Il shows parameters used in simulation.
To validate the analytical study, one of the worst scenarios that
PV changes from MPPT control to bus voltage droop control at
light load is tested in simulation and experiment study.

Simulation results of PV-BES droop control coordination
without BES HPF compensation are shown in Fig. 11. At the

transient, BES gets fully charged and PV converter takes over
bus voltage droop control. It can be seen in Fig. 11 (a), at 25W
load, the bus voltage has a 14% overshoot at the transient of PV
changing to droop control. With lighter load, in Fig. 11 (b), the
overshoot is increased to 20%, which has been far beyond
acceptable voltage fluctuation range. With higher PV
generation rating or less loads, the voltage spike could even be
further increased.

Simulation results of PV-BES droop control coordination
with BES HPF compensation are shown in Fig. 12. In Fig. 12
(a), at 25W load, the bus voltage only has a 4.8% overshoot at
the transient of PV shifting to droop control. At 2.5W load, in
Fig. 12 (b), the overshoot is still kept around 4.7%. Though it
requires much longer time to settle down as proved by loci in
Fig. 10, the bus voltage is always kept inside a very small
fluctuation range, which has neglectable effect to the MG
system. With BES HPF compensation, BES power is not
saturated to zero immediately at the transient, it slowly reaches
zero which prevent bus voltage from ramping up.

Fig. 13 shows simulation result of two PV units and two BES
units operating in parallel with proposed PV-BES coordination
control. In t0-t1, both PVs operate under MPPT (with different
MPP powers); bus voltage is regulated by both BES units. At
t1, BES1 is fully charged while BES2 can still absorb surplus
power. Hence in t1-t2 both PVs still work under MPPT and bus
voltage is regulated solely by BES2. At t2, BES2 also gets fully
charged, PVs take over bus voltage regulation. With BES HPF
compensation, the transient process is smooth with very small
overshoot, and the compensated energy from BESs are equally
shared by BES1 and BES2. At t3, solar irradiance on PV1 is
stepped up. With BES compensation, dc bus voltage only has a
very small fluctuation towards irradiance change. At t4, load is
reduced from 30W to 5W, the voltage transient is again kept
smooth with BES compensation.

B. Experiment Verification

The proposed PV-BES coordination control has been
verified by laboratory experiment with one PV unit and one
BES unit, of which the setup is shown in Fig. 14. A PV
simulator is used to emulate PV behavior. Converters are
controlled by a Tl F28379d DSP. Parameters are set same as
Table Il. Fig. 15 shows experimental results of PV-BES
coordination control transient with different BES HPF time
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Fig. 11 Simulation results of PV-BES droop control coordination without BES
HPF compensation, (a) with 25W load, (b) with 2.5W load.
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Fig. 13 Simulation results of power sharing with proposed PV-BES
coordination control, with two PV units and two BES units.

constants. In Fig. 15 (a), BES HPF is inactive or typr = 0. The
transient of PV changing to droop control causes a large
overshoot on dc bus voltage, which agrees to simulation result
in Fig. 11 (a). In Fig. 15 (b), typg is increased to 0.01. With
help of BES HPF compensation, the transient becomes much
smoother with a 3V overshoot. In Fig. 15 (c). typg is further
increased to 0.05, and the transient overshoot is further damped
to around 2V, which agrees to simulation result Fig. 12 (a).

With proposed BES HPF compensation loop, even under
very light load condition, the PV voltage regulation can be kept
at a good performance. Fig. 16 shows the experimental result
that PV changing to droop control with 2.5W load. The
overshoot is kept around 2V and the waveforms show a good
agreement to simulation result Fig. 12 (b).
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Fig. 15 Experimental results of PV-BES coordination control, at transient of PV
taking over bus voltage control and load is at 25W, (a) without BES HPF
compensation, (b) with BES HPF compensation and tuee = 0.01, (c) with BES
HPF compensation and tyee = 0.05.
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compensation and typr = 0.05.

It can be observed from all the results, that the transient has
three stages (it is more obvious in Fig. 16 due to the longer
settling time). In the first stage, BES gets fully charged, bus
voltage raises up, BES charging current decreases slowly due
to the HPF path which keeps bus voltage from overshooting too
much. In the second stage, PV output power has reduced lower
than load, bus voltage decreases. The HPF path will always
obstruct bus voltage change. As a result, BES will discharge in
this stage. In the third stage, bus voltage reduces to the value set
by droop controller; output of BES HPF settles to zero, and new
steady state is reached.

Fig. 17 shows experimental results when two BES units are
connected to the same dc bus. From Fig. 17 (a), it can be seen,
the system is under storage-dominating mode as long as one of
the BES units could regulate the dc bus voltage. At the transient
of BES2 gets fully charged, both BES units can provide dynamic
compensation, and the dynamic compensation current can be
equally shared among the BES units. The transient bus voltage
is smooth and with a very small overshoot. Fig. 17 (b) shows
the dynamic compensation from BES units when under
generation-dominating mode. When solar irradiance has a
sudden change, both BES units can provide dynamic
compensation temporarily despite the SoC limit. Fig. 17 (c)
shows the transient that when PV output power cannot supply
load, BES units start to discharge, and the system is under
storage-dominating mode.

V. CONCLUSIONS

In this paper, a PV-BES coordination control method is
proposed to overcome the control issue of bus voltage
regulation under PV-dominating mode. The whole control
scheme is kept in a decentralized and communication-less
manner, which can be used for Plug-n-Play (PnP) microgrid.
The proposed method utilizes existing BES systems. With
decoupled control loops, BESs can still provide dynamic
compensation even under generation-dominating mode. The
proposed control method has been analyzed with small signal

analysis and verified by both simulation and experimental result.
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