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Abstract--Conventional control methods for the battery
systems of photovoltaic (PV)-battery systems in standalone DC
microgrids are designed to stringently regulate the bus voltages at
the maximum power points (MPP) of PV modules while the
state-of-charge (SOC) of the battery packs are regulated within
the tolerances. In this paper, a local hierarchical control (LHC) is
proposed for the battery system to improve the energy efficiency
of the entire PV-battery system at the MPP of PV modules while
the SOC of the battery pack is still regulated within the tolerance.
Specifically, by allowing the DC bus voltage to deviate within a
preset allowable tolerance, the secondary control of the LHC is
employed to compute real-time optimal references to its primary
control, such that the energy conversion of the entire PV-battery
system can be optimized. Simulation studies exhibit significant
efficiency improvement of a 12-PV-battery system under both
uniform and nonuniform insolation conditions in a cloudy day
and a 600-kw PV-battery system in a sunny day using the
proposed LHC. Experimental results validate that the energy
efficiency of a one-PV-module-battery system controlled by the
LHC can be enhanced using shortened sunny-day and cloudy-day
irradiance profiles for various PV modules. The proposed control
scheme can be easily implemented in digital controllers without
additional hardware costs.

Index Terms-- Photovoltaic (PV)-battery system, standalone
DC microgrid, local hierarchical control (LHC).

. INTRODUCTION

HOTOVOLTAIC (PV) systems have been widely adopted

as major power sources of standalone power systems, such
as that used in rural power grids, parking meters, trash
compactors, charging stations and space-crafts [1]. PV systems
adopted together with emerging standalone DC microgrids,
such as those used in solar home projects in Africa (e.g. Kenya)
[2], have been found to be a convenient and practical means of
providing high-quality power to remote areas that were
previously inaccessible to cheap and reliable electricity supply.
A typical PV system in a standalone DC microgrid comprise
multiple decentralized sets of PV modules, their corresponding
grid-connected converters, and a battery system. Most ongoing
research works on such PV-battery systems are focused on the
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design of grid-connected converters [3]-[7] and their local
control algorithms for achieving maximum-power-point
tracking (MPPT), fast dynamic response, stability [7]—[11], and
the power flow management of microgrids [12]-[19]. They
mainly cover the improvement of the PV-battery systems in
various aspects, such as power quality improvement, ensuring
grid stability, and simplifying practical implementation.
Nevertheless, there remains a research gap concerning the
efficiency improvement of the entire PV-battery system that are
achievable through the shifting of operating points, and their
correlated design, which has not been reported in [20]—[35].

In existing PV-battery systems, either field MPPT (FMPPT)
or distributed MPPT (DMPPT) approaches are adopted to
control the grid-connected converters to track the MPP of PV
modules in both the uniform insolation condition and the
nonuniform insolation conditions of clouds, dirtiness, shadows,
aging, and manufacturing tolerance [3]-[19], [36]. The MPPT
controllers, comprising both FMPPT and DMPPT, can be

perturb-and-observation (P&O) control, the
incremental-conductance (INC) control, the
particle-swarm-optimization (PSO) control, the

ripple-correlation control (RCC), the chaos search control, the
neural-network control, the fuzzy logic control, and the
advanced PSO control [36], etc. They are all designed to
achieve maximum extraction of electrical power from the PV
modules via the regulations of the input power of the
grid-connected converters. As a result, an associated battery
system must be utilized to store excess and provide shortfall
power in the generation by regulating the DC bus voltage. The
battery system is typically controlled by a multi-loop strategy
considering the bus voltage and the state-of-charge (SOC)
constraints. Specifically, two control loops monitor the SOC of
the battery pack to avoid overcharge by regulating the PV
operating point less than the MPP and overdischarge by
shedding the non-critical loads, respectively. Another control
loop ensures the system power balance by regulating the DC
bus voltage to the nominal value [37]—[45].

Nevertheless, none of these methods considers the efficiency
of the entire PV-battery system as a control variable. Hence, a
two-layer local hierarchical control (LHC), comprising the
existing battery control as the primary control, is proposed. The
objective of the LHC is to improve the efficiency of the entire
PV-battery system by fully considering power losses of the PV
module, the grid-connected converter and the battery system,
while still achieving the MPPT, bus voltage regulation, and the
SOC of the battery pack within allowable tolerances. As
practical loads (voltage-sensitive loads are equipped with
load-side converters) can usually tolerate a certain percentage



of voltage offset (conservatively +5%), the secondary control
of the LHC can be designed to search out optimal bus voltages
within a preset tolerance as references for the primary control
of the LHC. In other words, the relaxation of bus voltage
regulation makes the efficiency of the entire PV-battery system
optimizable. The major contribution of this paper is to provide a
strategy to optimize the efficiency of an entire PV-battery
system in a standalone DC microgrid for the first time. This
brings benefits of efficiency improvement of PV-battery
systems under variable operating conditions, as compared to
the conventional methods. For ease of realization, the adopted
LHC employs simple equations for the secondary control,
working along with the existing battery control as the primary
control, which can be easily implemented in digital controllers
without any communication. It is important to note that the
main contribution of this paper is oriented to a more efficient
use of the primary energy source (PV-battery system) without
additional hardware costs.

Il. COMPARISONS BETWEEN THE CONVENTIONAL BATTERY
CONTROL AND THE PROPOSED LHC

A typical PV-battery system in a standalone DC microgrid is
depicted in Fig. 1. Here, the PV boost converter is utilized to
track the MPP of the PV modules. The battery system,

comprising battery packs, a battery management system (BMS),

and a bi-directional DC/DC converter, is installed to stabilize
the DC bus voltage vg. The BMS monitors SOC,
state-of-health (SOH) and power sharing conditions of the
battery pack by measuring the battery current ig and the battery
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Fig. 1. A typical PV-battery system in a standalone DC microgrid.
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The control block diagram of the conventional control
method for the PV-battery system in a standalone DC microgrid
is shown in Fig. 2. Here, Cpa is the nominal capacity of the
battery pack. nuat is the charging and discharging coefficient,
which is dependent on the aging effect, charging and
discharging rate, and temperature of the battery. In the normal
operating mode, as the SOC of the battery pack are within the
tolerances of the maximum SOC (SOCmax) and the minimum
SOC (SOCmin), the SOC control loops remain idle and the PV
modules reference voltage Vpwer is only determined by the
MPPT controller. The battery pack is charged in the constant
current mode via the control of the bi-directional DC/DC
converter. Consequently, the PV boost converter injects the
maximum power into the DC microgrid by controlling vy at
Vpwef. The battery system balances the supplied and the
consumed power in the DC microgrid by controlling the DC
bus voltage vqc at the nominal vyerer. However, when the SOC of
the battery pack reaches SOCmax, which means the battery
system cannot absorb excess power from the PV modules, the
error between the SOCmax and the SOC(t), correspondingly, the

Plg.1 output starts to turn negative. Then, Vpures > Vimppt, indicates
that the PV operating point moves away from the MPP
(Povi<Pwmerr). Consequently, the supplied power by the power
modules Py may be less than the power consumed by the loads
in the DC microgrid, which induces a bus voltage drop. To
ensure the bus voltage within the tolerance, the battery pack
discharges to compensate the insufficient power. The control
loop will keep reducing the power extracted from the PV
modules until the SOC of the battery pack settles at SOCmax.
Nevertheless, in case that the SOC is greater than SOCmax, the
battery management system (BMS) will regulate the battery
charging in constant voltage mode to protect the battery pack.
Meanwhile, the battery controller stringently regulates the DC
bus voltage vqc at the nominal vycrer. Besides, when the SOC of
the battery pack reaches SOCmin, which means the battery
system cannot provide shortage power for the loads, both
switches S; and S; of the bi-directional DC/DC converter of the
battery system are turned off by the PV power controller. The
reserve diesel generates power to the microgrid to ensure that
the DC bus voltage can be regulated by the battery controller to
achieve the power balance.

* |
! ity IerefI S1
: |

PV Unidirectional :
Converter Controller |

1S0Cmax—+f_ Ple}—-— | TSI
: | iBmax |
I
ISOC(i(;) SOC‘”:SOC(O)’segE’é it IVdcrefI O IBref |B 3 dz gg
: SOCH) 1: Enable R;iseesre\:e : | vae T I
1SOChmin — Generates| ! Battery Bldlrectlonall
0: Disable] -
L T %l Power G Converter Controller!

Fig. 2. Control block diagram of the conventional control method for the
PV-battery system in a standalone DC microgrid.

The energy efficiency of the entire PV-battery system is

[(Ru=PRos )t

Movpat = J~ P dt

pvi
where Pjess is the total power losses of the PV-battery system.
When the battery pack absorbs excess power,

@

Poss = Povi = Povo + oo = P )
and
Pw=P +Rs,- (3)
When the battery pack provides shortage power,
Poss = Povi = Povo + Psi = Pao @)
and
R =PFwths (5)

Substitute (2), (3) and (4), (5) into (1) respectively, the energy
efficiency of the entire PV-battery system can be uniformly
expressed as

CJ(RAR)d | Pudt
77PV-bat - J’ Ppw dt J- Ppwdt (6)

where Pgi > 0 indicates that the battery pack absorbs excess
power; Pgi < 0 indicates that the battery pack provides shortage
power; Py is the total output power.

Obviously, the energy efficiency of the entire PV-battery
system is not considered in the conventional control designs.
To extend the control objective by incorporating #eyv-bat @S a
control variable, a two-layer local hierarchical control (LHC) is



proposed. The control block diagram of the LHC is shown in
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Flg 3. Control block diagram of the proposed LHC for the PV-battery system
in a standalone DC microgrid.
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The primary control of the LHC is almost the same as the
conventional battery control. The SOC of the battery packs are
strictly regulated within the bounds. The stability of the
PV-battery system controlled by the LHC are heuristically
guaranteed by the bounds of the battery SOC and the bus
voltage limits, according to the definition of power system
stability in [46], which explains that the power system stability
are accepted in the sense of boundaries. The only difference is
that the bus voltage reference vaeer is estimated by the
secondary control of the LHC instead of a fixed nominal value.
The secondary control of the LHC uses the measured values the
DC bus voltage vqc, output current of the battery system igo, and
the measured battery current ig and battery voltage vs from the
BMS. Flowchart of the secondary control algorithm is depicted
in Fig. 4.
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Fig. 4. Flowchart of the secondary control algorithm of the LHC.

Here, k indicates the sampling time kTs; of the secondary
control; Ts is the sampling period; Avgc is the incremental bus
voltage; Vic max and Vgc min are the upper limit and the lower
limit of the bus voltage; 74, and ig, are the estimated bus
voltage and the estimated output current of the battery system;
Dy and iy are the estimated voltage and the estimated current of

the battery pack; and P, and P, are the estimated total output
power and the estimated injected power into the DC microgrid.
The process is specifically described as follows:

(1) Vdc, iso, VB, and ig are measured at the sampling time kTs; and
Ve is compared with the upper limit vy max and the lower limit
Vde_min. 1T Vde > Vdc_max, Which means the DC bus voltage is
greater than the upper limit, Vacerer reduces by the step of Avge
until vqc is regulated within the tolerances. If Vg < Vge_min, Which
means the DC bus voltage is less than the lower limit, Vgcrer
increases by the step of Avge until vgc is regulated within the
tolerances.

(2) The measured Vvqc, igo, Vs, and ig at the sampling time kTs
and the stored ig, at the sampling time (k-1)Ts; are used for the
estimations of the total output power P, (k + 1). First, vg at
the sampling time (k+1)Ts; is estimated using

Vo (k+1) =vy (k) +Avy, . ©)
According to the Kirchhoff’s current law,
va - I:)Ioss_pvc i iBo _ Vic T PCRL 1 (8)
Vdc CRL Vdc

where Pioss_pve iS the power loss of the PV boost converter.
Differentiating igo by vqc at the MPP gives

aiBo — 1 I:)CPL + PIoss _pve va (9)
aVdc RCRL Vdc

Here, due to the incremental bus voltage Avqc is generally set
less than 0.5% of the bus voltage vy (e.g. Avgc=0.24 V for

PcpPL*Ploss_pve—Ppv

Vdcrer=48 V), the term 2 can be considered as a
dc
constant during the two neighboring sampling times as
I:)CPL + I:)Ioss _pve va _ I:)CPL + Ploss _pve va
V2 (Vg + Avdc) .(10)
2AV, V. +AV;
(PCPL + I:)Ioss _pve )M ~

pv 2 2
Vdc (Vdc + Ath:)
Then, igo can be linearly estimated based on the measured ig, of

the last two sampling times as
g0 (K+1) =g, (K) [ g, (K —1) g, (k) ] .(1D)

Reorganize (11), iso at the sampling time (k+1)Ts; is estimated

using
5o (K+1) = 2ig, (k) —ig, (k-1).  (12)
A graphic illustration is plotted in Fig. 5 to visualize the linear
estimations of igo.
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Fig. 5. Diagram of vg versus igo.

Then, P, (k + 1) is estimated based on 94, (k + 1), ig,(k +
1), vgc(k), igo (k), vg(k), and ig (k) as

Vg (k+1) Vg



Vo (K +1)ig, (K +1)vg (k)i (k) .(13)
Ve (K)ig, (K)

Here, the power injected from the PV-battery system into the

DC microgrid at the sampling time (k+1)Te is P (k + 1). Due

to the loads in standalone DC microgrids can be generally

modeled as an equivalent resistive load in parallel with an

equivalent constant power load,

~2
B (k+1)= Voo (k+1)
RCRL
where the resistance of the equivalent resistive load Rere and
the power of the equivalent constant power load Pcp. are
required to be predetermined. Besides, the power of the battery
pack at the sampling time (k+1)Ts1, Pg;(k + 1) can also be
derived.

For the case of vy, > vycrer, the battery pack absorbs the
excess power. Then, the efficiency of the battery bi-directional
DC/DC converter at the sampling time kT, is

Vg (K)ig (k)
ky=_—28\"~/B "/
e (K) =3 i (K)
Besides, the efficiency of the battery bi-directional DC/DC

converter can be considered as a constant during the two
neighboring sampling times,

Pu(k+1)= I5L(k +1)+

(14)

P!

(15)

ﬁBC(kJ'-l):nBC(k)' (16)
Then, Pg;(k + 1) can be estimated as
Py (k+1) =V (k+1)ig, (K +1) A (k +1)
Vo (K +1) iy (K+1) v (K)ig (K) (17)

Vge (K)ig, (k)
For the case of vg. < Vgcrer, the battery pack provides the

shortage power. Then, the efficiency of the battery
bi-directional DC/DC converter at the sampling time KkTs is

Vg (K)igo (K)

k 18
A TN IR
and
Ve (K)o (K)
k+1)=-%2 JBoL J 19
A AT R
Then, Pg;(k + 1) can be estimated as
B, (k+1)= Ve (K +1) g, (k +1)
e (K+1) o)
_ Vi (K +1) 1, (K +1)vg (K)ig (K)
VdC( ) ( )
Consider  both ~ (17) and  (20), Pgi(k +1) =
”dC(kJ'll);;B‘Eg:)(’;‘i(k)‘B(k) is a uniform expression for the battery

power estimations.
(3) The total output power at the sampling time kTs1, Pout(K) is
derived based on the measured vgc(k), va(k), and ig(k) as

2
=" o v (0 (K.
RCRL
Then, Py, (k) is compared with P, . (k + 1) to determine
Vacref(k+1). If Py (k + 1) > P (k), which means the output

P (21)

out

power can still be increased, Vacref(K+1)=Vacref(K)+AvVyc. |If
Pyui(k + 1) < Py (k), which means the output power cannot
be further increased, Vacrer(k+1)=Vacrer(k). By tracking the
references provided by the secondary control of the LHC, the
primary control of the LHC can regulate the DC bus voltage to
maximize the efficiency of the entire PV-battery system in real
time. Importantly, the generation curtailment and the SOC
control of the battery packs are still primary concerns in the
extreme conditions. The proposed control strategy is designed
based on these concerns.

I1l.  SIMULATION RESULTS

Simulations are carried out on MATLAB/SIMULINK with
the solver type of Tustin at the sampling frequency of 200 kHz.
The PV modules are BP Solar SX-3190B [47]. The
specifications of the PV boost converters are listed in Table I.
The MPPT control for the PV boost converters is the
conventional P&O control [7]. The parameters of the PV power
controller are listed in Table Il. The battery packs are the
Panasonic Valve Regulated Lead-Acid Battery LC-R127R2NA.
The coefficient nua IS Set to be 1. The specifications of the
battery bi-directional DC/DC converters are listed in Table I11.
The parameter values of the converters are selected based on
the power quality and the dynamic performance of the
PV-battery system. The parameters of the LHC are listed in
Table IV. The nominal DC bus voltage is 48 V. The upper limit
and the lower limit of the DC bus voltage are 50.4 V and 45.6 V,
respectively. The sampling frequency of the MPPT control is
20 kHz. The sampling frequency of the conventional control
and the LHC is 10 kHz.

TABLE 1. SPECIFICATIONS OF THE PV BOOST CONVERTERS

Parameter Value
Cpv 300 uF
L1 100.6 mH
ESR of L1 11.6 mQ
Forward voltage of the diode D2, Vip2 0.7V
Ced1 112 uF

TABLE Il. PARAMETERS OF THE PV POWER CONTROLLER

Description Value
Initial duty ratio of the P&O control 0.5
Duty ratio upper limit of the P&O control 0.9
Duty ratio lower limit of the P&O control 0.1
Incremental duty ratio of the P&O control 4x10°°
Capacity of the battery pack, Cpat 36 Ah/20h
Initial SOC, SOC (0) 56%
Maximum SOC, SOCmax 90%
Minimum SOC, SOCnmin 20%
Proportional of the Plg-1 0.1
Integral of the Pls-1 0.01
Proportional of the Plpy 5
Integral of the Plpy 30
Switching frequency 10 kHz

TABLE Ill. SPECIFICATIONS OF THE BATTERY CONVERTERS

Parameter Value
Cs 112 uF
Lo 100.3 mH
ESR of L2 11.8 mQ
Ced2 112 uF



TABLE IV. PARAMETERS OF THE LHC

Description Value
Incremental bus voltage, Avadc 02V
Upper limit of the bus voltage, Vdc max 504V
Lower limit of the bus voltage, Vdc_min 456V
Resistance of the equivalent resistive load, RcrL 26.03 Q
Power of the constant power load, PcpL 8.42 W
Proportional of the Plg-2 15
Integral of the Plg-2 50
Proportional of the Plg-3 100
Integral of the Pls-3 2
Switching frequency 20 kHz

A. Case Studies of One-PV-Module-Battery System

Case studies of a PV-battery system with one BP Solar
SX-3190B module (1x<1 module) are carried out using the
irradiance profile at the Higher Polytechnic School of the Dakar
University in Senegal on a sunny day in summer, as shown in
Fig. 6. Fig. 7 and Fig. 8 show respectively the waveforms of the
corresponding Vec and Poy of the one-PV-module-battery
system with the conventional control and that with the LHC.
The SOC of the battery pack for both control schemes are
plotted in Fig. 9. Apparently, both SOCs are within the bounds.
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Fig. 6. An actual irradiance profile on a sunny day in simulation.
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In Fig. 8, simulation waveforms of the corresponding Poy: of
the one-PV-module-battery system operating under an actual
irradiance profile with both the conventional control and the
LHC are presented. Obviously, more power can be harvested
by the proposed LHC. Fig. 10 shows the cumulative extraction
of Eout throughout the period of 13 hours for both controls. The
results show that 3.3% more energy can be harvested by the
proposed LHC. This signifies that the energy efficiency of the
entire PV-battery system can be enhanced by 3.3% via the use
of the LHC.
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Fig. 10. Plots of E,, with the conventional control and the LHC using the actual
irradiance profile in simulation.

Furthermore, the extreme conditions of SOC reaching
SOCmax and SOCnin are investigated. When the initial SOC of
the battery pack is 25% and the supplied power by the PV
modules are insufficient, the battery pack discharges until the
SOC reaches SOChin, as shown in Fig. 11(a). When the initial
SOC of the battery pack is 85% and the supplied power by the
PV modules are redundant, the battery pack charges until the
SOC reaches SOCmax, as shown in Fig. 11(b). Obviously, the
SOC of the battery pack can be well regulated by the PV power
controller within the bounds for the PV-battery system
controlled by the conventional control and the proposed LHC.
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Fig. 11. SOC of the battery pack reaching (a) SOCnin and (b) SOCnax for both
control schemes.

B. Case Studies of Multiple PV-Battery Systems

Case studies of 12 PV-battery systems with BP Solar
SX-3190B modules are also carried out using the irradiance
profile at Higher Polytechnic School of the Dakar University in
Senegal on a cloudy day in summer, as shown in Fig. 12. Each



of the 12 PV modules contains 15 modules (3> modules).
Three of the PV modules operate under the uniform insolation
condition, while the other PV modules operate under partial
shading conditions, as shown in Fig. 13. The waveforms of the
total output power of the 12 PV-battery systems with both the
conventional control and the LHC on the cloudy day are shown
in Fig. 14. Compared with the PV-battery systems controlled by
the conventional control, the PV-battery systems controlled by
the LHC can inject more power into the DC microgrid. Fig. 15
shows the cumulative extraction of Eo: for both control
schemes. The results show that more energy about 4.7 kWh
(2.84% more) can be harvested by using the LHC for the 12
PV-battery systems on the cloudy day.
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Fig. 13. Structure of the 12 PV-battery systems in a standalone DC microgrid.
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Fig. 15. Plots of E, of the 12 PV-battery systems with the conventional control
and the LHC on a cloudy day.

Case studies of a nominal 600-kW PV-battery system with
BP Solar SX-3190B modules are also carried out using the
sunny-day irradiance profile in Fig. 6. The waveforms of the
total output power for both control schemes are shown in Fig.
16. The cumulative extraction of Eqy for both control schemes
are presented in Fig. 17. The results show that around 26.9 kwh
more of energy can be harvested by the LHC for the 600-kW

PV-battery system each day without any additional hardware
costs. Assume the PV-battery systems controlled by the LHC
are widely adopted in Senegal’s solar home systems. According
to the average electricity price in Senegal, which is 0.13 US
dollars/kwWh [48], the 600-kW PV-battery system can save
more than 1200 US dollars per year. Considering the operating
large solar PV plants in Senegal is about 2 MW (2016), more
than four million US dollars can be saved per year by adopting
the proposed LHC.
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Fig. 16. Simulation waveforms of Py of the 600-kW PV-battery system with
the conventional control and the LHC on a sunny day.
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Fig. 17. Plots of E,, of the 600-kW PV-battery system with the conventional
control and the LHC on a sunny day.

IV. EXPERIMENTAL VERIFICATION

Experiments are carried out on a one-PV-module-battery
system. The PV module of BP Solar SX-3190B is emulated
using the TerraSAS™ series Photovoltaic Simulator. Some
values of the irradiances and the corresponding MPP of Py, Vv,
and ipy are listed in Table V. The standalone DC microgrid is
emulated using resistive loads and the Ametek E-load
PLA5K-800-100E. Specifications of the PV boost converter,
the battery bi-directional DC/DC converter, and the battery
pack are identical with the specifications in simulation. The
part numbers and prices of the components used for the
converters are listed in Table VI. All the selected components
are cost efficient. The sampling frequency of the MPPT control
is 20 kHz. The sampling frequency of the conventional control
and the LHC is 10 kHz. The coefficient #ua is estimated to be
0.96 based on the offline measurements of the open-circuit
voltage and ambient temperature of the battery pack.

TABLE V. IRRADIANCE AND THE CORRESPONDING MPP OF Ppy, Vpy, Ipv

Irradiance (W/m?) Pev (W) vev (V) ipv (A)
920 172.4 24.1 7.2
500 92.1 23.6 3.9
750 140.8 23.9 5.9
1000 187.6 24.3 7.8



TABLE VI. LisT oF COMPONENTS USED FOR THE CONVERTERS
Est. cost per unit

Component Part No. (in US dollars)
Cpv EGPD101ELL301MK30H 0.35
Cs, Ca1, Ca2 EGXF161ELL111 0.1
L1, Lo, L3 Custom-made 0.35
D1, D2 PMEG6020 0.03
MOSFETSs SQD50N10-8M9L_GE3 0.3
Gate driver VVO3150A-X007T 0.25
Sensing resistor 14AFRO47E 0.28
Op-amp LM324 0.05
Comparator TS391 0.06
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Fig. 18. Irradiance profile for the PV module in experiment.
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Fig. 19. Characteristic curves of the modeled PV module in experiment.

Initially, the irradiance of the PV module without the battery
system is set to vary from 920 W/m? to 500 W/m? to 750 W/m?
to 1000 W/m? to 750 W/m? and to 500 W/m?, as shown in Fig.
18. Fig. 19 shows the characteristic curves of the modeled PV
module used in experiment, which are identical to the curves
obtained in simulation and given in the datasheet. The
corresponding Vpy, ipv, and Ppy, are shown in Fig. 20. Apparently,
Vpv, Ipv, and Py at steady state are well-regulated to track the
MPP for different irradiances. The corresponding vqc are shown
in Fig. 21. vgc at steady state varies with offsets when the
irradiance changes. Clearly, the steady-state vgc during the
intervals of 35.1 V, 41.8 V, and 51.1 V are out of the limits of
the bus voltage (45.6 V~50.4 V). This violates the voltage
requirement of the standalone DC microgrid.

Next, the battery system is incorporated with the
conventional control. The waveforms of vy, ip, and Py are
shown in Fig. 22. Apparently, vpy, ipy, and Ppy at steady state are
also well-regulated to track the MPP for different irradiances.
In Fig. 23, the bus voltages at steady state are well-regulated at
the nominal values for different irradiances. Therefore, the
effectiveness of the battery system in stabilizing the DC bus
voltage is hereby experimentally illustrated. Besides, the
waveforms of P and Pgi are shown in Fig. 23 and Fig. 24,

respectively. Then, Po, at steady state can be calculated based
on the measured values of P, and Pg;, which are 122.2 W, 84.7
W, 102.7 W, 129.8 W, 102.7 W, and 84.7 W, respectively for
various irradiance levels.
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Fig. 21. Waveforms of v4, without the battery system in experiment.
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Then, the one-PV-module-battery system is controlled by the
proposed LHC. Waveforms of the measured Vpy, ipy, and Ppy are
shown in Fig. 25. Again, Vpy, ip, and Py at steady state are
well-regulated to MPP for different irradiances. In Fig. 26, it is
shown that vqc of the standalone DC microgrid is well-regulated
within the limits of the bus voltage (45.6 V~50.4 V). P. and Psg;
are shown in Fig. 26 and Fig. 27, respectively. Then, Py at
steady state can be calculated based on the measured values of
PL and Pgi, which are 125.3 W, 87.2 W, 104.3 W, 133.5 W,
104.3 W, and 87.2 W, respectively for the various irradiance
levels. Compared with the Poy 0f the one-PV-module-battery
system controlled by the conventional control, the efficiency
improvement at the respective irradiance level are about 3.24%,
2.95%, 1.55%, 2.84%, 1.55%, and 2.95%, as shown in Fig. 28.
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Fig. 25. Waveforms of vy, ip, and Py, with the battery system controlled by the
LHC.
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Fig. 28. Plots of the steady-state P, of the one-PV-module-battery system
controlled by the conventional control and the LHC.

For practical sake but without the loss of accuracy, the time
scale of the irradiance profile of the sunny day in Fig. 6 is
shortened to one hundred seconds (around 13:00) in the
experiment, as shown in Fig. 29. Based on the measured P and
Pgi, Pou Of the one-PV-module-battery system with both
control methods can be plotted, as shown in Fig. 30. By
integrating Pou, the cumulative extraction of Eo: throughout the
one-hundred-second period for both control methods can be
obtained and plotted as shown in Fig. 31. From the results, it is
found that there is 3.2% efficiency improvement via the use of
the LHC.
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Fig. 29. Irradiance profile of a shortened sunny day in experiment.
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Fig. 31. Plots of Eq, with the conventional control and the LHC using the
irradiance profile on a shortened sunny day in experiment.

Experiments are also carried out on the
one-PV-module-battery system emulating BP Solar SX-3190B,
SunPower SPR-305-WHT, and SunTech STP270-24-Vb using
the shortened irradiance profile within one hundred seconds
(around 13:00) of the sunny day in Fig. 6 and the cloudy day in
Fig. 12. The waveforms of the measured Poy for both control
methods are plotted in Fig. 32. Obviously, the proposed LHC
can always harvest more energy than the conventional control
for different types of PV modules. The comparisons of Eou
throughout one-hundred-second periods for different PV
modules between two control methods are presented in Fig. 33.
From the results, more than 3% efficiency improvement can be
achieved for all the cases by adopting the LHC, i.e., 5.45% for
BP Solar SX-3190B on the cloudy day, 4.5% for SunPower
SPR-305-WHT on the sunny day, 4.81% for SunPower
SPR-305-WHT on the cloudy day, 3.47% for SunTech
STP270-24-Vb on the sunny day, 3.75% for SunTech
STP270-24-Vb on the cloudy day
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Fig. 32. Waveforms of P, for different PV modules using the irradiance profile
on a shortened sunny and cloudy day in experiment.
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Fig. 33. Plots of E,, for different PV modules using the irradiance profile on a
shortened sunny and cloudy day in experiment.

V. CONCLUSIONS

In this paper, a local hierarchical control (LHC) is proposed
for the battery system to improve the efficiency of the entire
PV-battery system in a standalone DC microgrid without
additional hardware costs. The secondary control of the LHC
estimates the optimal references for the primary control of the
LHC to manage the power flow of the entire PV-battery system.
Both simulation and experimental results validate the
efficiency improvement of the one-PV-module-battery systems
controlled by the LHC, which is about 3.3% for the actual

irradiance profile in a sunny day in simulation and more than 3%

for the one-hundred-second irradiance profiles on both sunny
and cloudy days using different types of PV modules and
cost-efficient components for the converters in experiment.
Additionally, case studies of multiple PV-battery systems show
that 2.84% more energy can be harvested for a 12-PV-battery
system under either the uniform/nonuniform insolation
conditions on a cloudy day and more than 1200 US dollars can
be saved (26.9 kWh more energy can be harvested) for a
600-kW PV-battery system on a sunny day in Senegal by
adopting the LHC.
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