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Operation and Control Strategy of a New Hybrid
ESS-UPS System

Sangjin Kim, Minho Kwon, and Sewan Choi

Abstract—This paper proposes a hybrid energy storage system
(ESS) that integrates an ESS with an online uninterruptible power
supply (UPS). The power conversion system cost of the proposed
hybrid ESS-UPS is reduced, and battery utilization is increased
by using the energy of the integrated battery for both demand
management and emergency power supply. Further, unlike the
conventional online UPS, the proposed hybrid ESS-UPS is capa-
ble of supplying emergency power to two types of critical loads,
voltage-frequency independent (VFI) load and voltage-frequency
dependent (VFD) load. A seamless mode transfer algorithm of the
ac—dc converter is proposed for supplying uninterruptible power
to the VFD load as well. In addition, an autonomous and seamless
mode transfer algorithm of the bidirectional dc—dc converter is
proposed to minimize the transient across the dc link that could af-
fect the power quality of the VFD load and the VFI load at the mode
transition. To validate the proposed control scheme, experimental
results from a 5-kW prototype are provided.

Index Terms—Energy storage system (ESS), hybrid ESS, seam-
less mode transfer, uninterruptible power supply (UPS).

I. INTRODUCTION

NERGY storage systems (ESSs) have attracted attention
E as a way to avoid massive power outages resulting from
a sudden increase of power usage in summer and winter [1]-
[6]. The ESSs can be used to address power quality issues by
providing ancillary services such as peak shaving, load shifting,
etc., to the grid [7]-[20]. In the meantime, uninterruptible power
supply (UPS) systems have been widely used in datacenters,
hospitals, etc., to provide reliable power to critical loads such as
communication systems, network servers, medical equipment,
etc. Fig. 1 shows a conventional configuration that includes an
ESS for demand management and an online UPS for emergency
power supply, where the stored energy of the ESS battery is
used for demand management, but the stored energy of the
UPS battery is used only when the grid fails [21]-[25]. Further,
when the grid fails, the ac—dc rectifier of the online UPS stops its
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Fig. 2. Configuration of the proposed hybrid ESS-UPS.

operation and the dc—ac inverter keeps supplying the emergency
power only to the VFI load.

In this study, a hybrid ESS-UPS is proposed not only for
efficient use of battery energy and cost reduction of the power
conversion system (PCS) by integrating the ESS with the UPS,
but also for increased capacity of emergency power by supplying
an additional voltage-frequency dependent (VFD) load. Fig. 2
shows the configuration of the proposed hybrid ESS-UPS. When
the grid is under normal operation, the proposed hybrid ESS-
UPS performs charging or discharging of the integrated battery
for demand management, thereby acting like an ESS, whereas
when the grid fails, the system supplies emergency power to
VED and/or VFI loads, thereby acting like a UPS. The VFD and
the voltage-frequency independent (VFI) loads are critical loads
according to international UPS classification by IEC 62040-3
[26]. The proposed hybrid ESS requires repeated battery charge
and discharge operations for demand management. Since the
frequent cycling of the battery will shorten the lifetime of the
battery, the Li-ion battery is selected for the proposed system.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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TABLE I
COMPARISON BETWEEN THE CONVENTIONAL ONLINE UPS, THE
CONVENTIONAL ESS AND THE PROPOSED HYBRID ESS-UPS
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TABLE 1T
CoST COMPARISON BETWEEN THE CONVENTIONAL SEPARATE ESS-UPS AND
THE PROPOSED HYBRID ESS-UPS

Function of Conventional | Conventional Proposed
the system on-line UPS ESS Hybrid ESS-UPS
Uninterruptible power
supply for VFI load 0 X o
Uninterruptible power
supply for VFD load X X 0
Demand management X (6] (6]
Reactive power X o
compensation

Conventional separate
ESS-UPS
Proposed Hybrid
On-line UPS PCS of ESS ESS-UPS
Rated power | 250 kW 250 kW 250 kW
Cost $ 44,970 $ 40,321 $ 52,429
Sum $ 85,291 $ 52,429
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Fig. 3. Circuit diagram of the proposed hybrid ESS-UPS.

Although the Li-ion battery is more expensive than the lead-
acid battery, the Li-ion battery could be more economical in the
long term than the lead-acid battery due to the following two
reasons [27], [28]: 1) the Li-ion battery has two times longer
calendar life than the lead-acid battery due to its long lifetime
feature, thereby saving costly replacement labor; 2) the volu-
metric energy density of the Li-ion battery is 2.5 times higher
than the lead-acid battery, thereby reducing system weight and
footprint.

Table I summarizes the comparison between the conventional
online UPS, the conventional ESS, and the proposed hybrid
ESS-UPS. The conventional online UPS is able to provide un-
interruptible power only for VFI load. The conventional ESS
provides functions of the demand management and reactive
power compensation, but the stored battery energy is used to
supply the emergency power to the critical load. On the other
hand, the proposed hybrid ESS-UPS is able to provide all of
the above functions. Table II represents the cost comparison
between the conventional separate ESS-UPS and the proposed
hybrid ESS-UPS. The PCS cost of the hybrid ESS-UPS is re-
duced by 38.5% compared to the conventional separate ESS-
UPS. The cost of PCS was estimated with the help of a UPS
company in South Korea named “KUKIJE Electric Manufacture
Co.”

In order to realize the proposed hybrid ESS-UPS, this paper
proposes a hybrid ESS-UPS configuration that is capable of
supplying not only the VFI load but also the VFD load and

a seamless mode transfer algorithm of the ac—dc converter for
supplying uninterruptible power to the VFD load as well. In
addition, an autonomous and seamless mode transfer algorithm
of the bidirectional dc—dc converter is proposed to minimize the
transient across the dc link that may affect the power quality
of the VFD load and the VFI load at the mode transition. With
the proposed hybrid ESS-UPS configuration and mode transfer
algorithms, the proposed hybrid ESS-UPS has the following
advantages:

1) increased capacity of emergency power supply, that is,
supplying the VFD load as well as the VFI load when the
grid fails, unlike the conventional online UPS that supplies
only the VFI load;

2) costreduction by integrating the PCS of the ESS with that
of the UPS;

3) increased battery utilization by using the energy of the in-
tegrated battery for both demand management and emer-
gency power supply.

In order to achieve the advantages mentioned earlier, this
study proposes the circuit topology of the integrated PCS,
the operation modes, and the control strategy of the pro-
posed hybrid ESS-UPS. Also, a fast and smooth mode trans-
fer algorithm is proposed to minimize the transient caused by
switchover between demand management and emergency power
supply modes. In order to validate performance of the proposed
algorithm experimental, results from a 5-kW prototype are
provided.
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II. PROPOSED HYBRID ESS-UPS

Fig. 3 shows the circuit diagram of the proposed hybrid ESS-
UPS that is based on a double conversion structure of UPS.
Recently, it has been reported that UPSs based on a double
conversion structure achieve high power conversion efficiency
using three-level topology [29]. In this study, the three-level T-
type topology is adopted to reduce the filter size and achieve
high power conversion efficiency. The proposed system has two
types of critical loads. One is the VFI load that is connected to
the output of the dc—ac inverter, and the other is the VFD load
that is connected to the main grid side.

In this paper, the proposed system is assumed to combine
a 250-kW ESS that has demand management function and a
250-kW UPS that has the emergency power supply function in
one unit. Then, the rated powers of the VFD and VFI loads of
the proposed system become 250 kW, respectively, and the bat-
tery storage capacity of the proposed system becomes 500 kWh
that is the same as sum of the battery capacities of the conven-
tional ESS and UPS shown in Fig. 1. Therefore, both the ac-dc
converter and the dc-ac inverter are rated at 250-kW.

When the grid is normal, the proposed system operates either
in the battery charging mode or in the demand management
mode according to the power demand and the battery SOC. In
the battery charging mode, the grid could not only supply the
VFI load through the ac—dc converter and the dc—ac inverter,
but also charge the battery through the ac—dc converter and the
dc—dc converter. Therefore, sum of the VFI load power and
the battery charging power should be limited to 250 kW in

Operation modes of the proposed hybrid ESS-UPS. (a) Mode D1. (b) Mode D2. (c) Mode D3. (d) Mode D4. (e) Mode E1. (f) Mode D2.

TABLE III
POWER FLOW UNDER DIFFERENT OPERATION MODES

Operation Power

Modes Grid Battery
Mode D1 Py > PiAPyeptPyr Py>0
Mode D2 P, > Pi+Pyrp 0 <|Pyp|<Pyp, P,<0
Mode D3 Py <Py <Pvyrp Pvri <| Py |< PyprtPyep, P, <0
Mode D4 P, <0 | Py| > PAPyrptPyrr, Py <0
Mode El P,=0 | Py| = PyeptPyrr, Pr <0
Mode E2 P,=0 | Py|=Pyp, P, <0

the battery charging mode. In the demand management mode,
the dc—dc converter discharges the battery to supply not only
the VFI load through the dc—ac inverter, but also the VFD load
and the grid through the ac—dc converter. Therefore, sum of the
VED load power and injected power to the grid is limited to
250 kW, and a dc-dc converter is rated at 250-kW. It is obvious
that the maximum discharge power of the battery is 500 kW that
is sum of the rated powers of the VFI and VFD load.

A. Control Strategy and Operating Modes

Fig. 4 shows the control objective of each of the converter
according to the operation mode. When the ac input voltage is
within the preset tolerance, the proposed system operates in the
demand management mode, as shown in Fig. 4(a), where the
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ac—dc converter regulates the dc-link voltage while the dc—ac
inverter supplies well-regulated three-phase voltage for the VFI
load. The dc—dc converter performs charging or discharging
with the reference battery current determined by the energy
management system (EMS). In the event of a grid fault, the
system operates in the emergency power supply mode, as shown
in Fig. 4(b), where the magnetic contactor (MC) disconnects the
ac—dc converter from the grid, and the ac—dc converter changes
its control objective from the dc-link voltage to the VFD load
voltage. At the same time, the control objective of the dc—dc
converter is also changed from battery current to dc-link voltage.
In order to achieve good dynamic performance, the transient at
the mode change should be minimized.

The demand management mode and the emergency power
supply mode can further be divided into four modes of DI,
D2, D3, and D4, and two modes of El and E2, respectively,
as shown in Fig. 5, according to grid status and amount of
battery charging or discharging power P,. Mode D1 represents
the battery charging mode. When the power consumption is low,
usually at night, the system accumulates energy into the battery.
In Mode D2, Mode D3, and Mode D4, the dc—dc converter
performs battery discharging for demand management. Mode
D2 shows that the VFI load power is provided from the grid
and the battery because the battery discharging power is smaller
than the required VFI load power. During Mode D3, the VFD
load power is supplied from the grid and the battery because
the battery discharging power is larger than the required VFI
load power. In Mode D4, the battery discharging power is larger
than the sum of the VFD load power and the VFI load power.
Therefore, the battery discharging power flows from the battery
to the grid. When the grid fails, the MC disconnects the system
from the grid and the system enters into Mode E1, where the dc—
dc converter discharges the battery in order to supply emergency
power to the VFI load and the VFD load. When the battery state-
of-charge (SOC) reaches down to SOC;, which is defined as the
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Power flows of the proposed hybrid ESS-UPS during the mode transfer: (a) without demand forecasting and (b) with demand forecasting.

battery SOC for supplying emergency power to a rated VFI
load for 30 min during Mode El, the system enters into Mode
E2. In Mode E2, the system supplies emergency power only to
the VFI load and, at the same time, stops providing emergency
power to the VFD load. The power flows of the proposed hybrid
ESS-UPS are listed in Table III, where the positive directions of
power flows are defined in Fig. 5.

Fig. 6 shows the power flows when the system transfers from
the demand management mode to emergency power supply
mode. In this study, SOC; is defined as the battery SOC for
supplying emergency power to a rated VFI load and estimated
by demand forecasting of the EMS. The demand forecasting
is done based on load-profile data accumulated during system
operation, and the amounts of VFI and VFD load power before
grid failure. Grid power P, is determined by the sum of battery
power P, load power P, VFD load power Py rp, and VFI
load power Py as follows:

P, = P, + P + Pypp + Pyrr. (D

Fig. 6(a) and (b) shows that the system transfers from Mode
D3 to Mode E1 when the grid fails at t;. At t;, the amount of
battery discharging power is determined as follows:

Py, = —(Pypp + Pyrr). )

When the battery SOC reaches down to SOC;, the system
stops supplying power to the VFD load but keeps supplying
emergency power only to the VFI load if the system does
not have demand forecasting, as shown in Fig. 6(a). On the
other hand, Fig. 6(b) shows that the system stops supplying
power to the VFD load but keeps supplying emergency power
only to the VFI load when the battery SOC reaches down to
SOC; (not SOC;) since the system has been operating based
on the data from demand forecasting of the EMS. With demand
forecasting, the system is able to extend the length of time it
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supplies emergency power to the VFD load, resulting in more
efficient use of battery power.

Fig. 7 shows the operation scenario of the proposed hybrid
ESS-UPS according to a power demand pattern and battery
SOC. The power demand pattern is obtained by demand fore-
casting performed by EMS. The charging and discharging is
also scheduled by EMS considering the power demand pattern
to manage battery SOC. Reserved energy stored in the battery
represents the capacity of the backup power that is supposed to
supply the VFI load during the backup battery runtime deter-
mined by the user.

As shown in Fig. 7, the proposed system basically oper-
ates according to the predefined schedule of charging the bat-
tery during the light load hours with low electricity rates and
discharging the battery for demand management during the
heavy load hours with high electricity rates. In this paper, the
250-kW hybrid ESS-UPS that integrates the 250-kW ESS with
the 250-kW UPS was proposed. Therefore, half of the energy
stored in the proposed system is basically used for the demand
management and the rest of the energy (reserved energy for
UPS) is used for the emergency power supply. The amount of
the reserved energy can be varied by the demand forecasting of
the EMS. When the grid fails, the proposed system goes into
Mode E1 or Mode E2 according to the battery SOC. In case of
the Grid Failure 1, where the battery SOC is high enough, the
proposed system operates in Mode E1. On the other hand, in
case of the Grid Failure 2, where the battery SOC is low, the
proposed system operates in Mode E2.

III. CONTROL STRATEGY OF HYBRID ESS-UPS FOR SEAMLESS
MODE CHANGE

The proposed hybrid ESS-UPS should supply emergency
power to the VFD load as well as the VFI load when the grid
fails. In order to supply emergency power to the VFD load, it is
required for the ac—dc converter to switch the control objective
from the dc-link voltage to the VFD load voltage while the dc—
dc converter switches the control target from the battery current
to the dc-link voltage. The switchover of the control objective
may cause large transients across the VFD load and dc link, and
therefore, fast and smooth mode transfer algorithms are required
for both the ac—dc converter and the dc—dc converter.

D2,D3,D4 ’ DI "E2° DI

Operation scenario of the proposed hybrid ESS-UPS according to power demand pattern and battery SOC.
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Fig. 8. Proposed control block diagram of the bidirectional dc—dc converter.

A. Control of Bidirectional DC-DC Converter

Fig. 8 shows the proposed control block diagram of the
bidirectional dc—dc converter for autonomous and seamless
mode transfer [30]-[32]. The proposed autonomous and seam-
less mode transfer algorithm is based on the variable limiter
technique and the dc-bus signaling that is a means of commu-
nication of utilizing the dc-bus as the communication link [33],
[34]. The proposed algorithm is composed of three parts: two
voltage controllers PI; and PI; for regulating the dc-link voltage
at the occurrence of a grid failure, a battery voltage controller
PI, for constant voltage charging after the battery voltage
reaches the final discharge voltage, and a current controller
Pl for charging or discharging the battery. Each of the voltage
controllers is saturated or activated according to the grid status,
and when the saturated controllers are activated, the windup of
the controllers caused by accumulated error in the integrator
may occur. Thus, the antiwindup technique is implemented to
prevent windup of the controller during mode transfer [35].

References Vg, * and Vg, * of the dc-link voltage controllers
PI; and PI3 are determined, respectively, as follows:

Vier = Vae +AV ©)
View = Vae = AV )



KIM et al.: OPERATION AND CONTROL STRATEGY OF A NEW HYBRID ESS-UPS SYSTEM 4751
Vae ) iLIgbI " 0 l'gd ";fbl " D:Demand management mode
- Cl)lltl'?_l_{JIl)C/t i ____c‘”m 0L block control block E: Emergency power supply mode
: El
Ve iy Avy D +F
Ed—c+> PI Le g PI °f+= > -/II/_ —eo—o—> "cﬁa-»abc —>vc'}
: - - + [ Verb—p|
t Vae,p Ja - Vo dq 1
> irg ofic —»| 4 b>ver
: +
: , L wl g
' Ve,N
H . .d
R e > oL 0 Uga—[ pe A>iLe
ing El g —p| a .
! Lqt| = - ILgc —>| qb>i
4 PLL >0 :; s | + Avgy | » 7 Lg
e s
L. 0; 4
Fig. 9. Proposed control block diagram of the three-level ac—dc converter.
where V! is the same as the nominal dc-link voltage regulated  and V. is regulated by PI3 as follows:
by the ac—dc converter, and AV represents an allowable range .
Vie = Vg — AV, %

of the dc-link voltage fluctuation caused by disturbance. Only
when the dc-link voltage goes down below V. — AV or goes
up over Vi + AV due to a fluctuation, the dc—dc converter is
supposed to switch the control objective from battery current
to dc-link voltage. In order to avoid unwanted change of the
control objective by the disturbance, AV should properly be
designed considering the worst case fluctuation plus margin. In
this paper, AV is set to 5% of V.. Battery voltage reference V'
is set to the final discharge voltage of the battery. I~ represents
the battery current reference that comes from the EMS during the
constant current (CC) mode (Mode D1) or during the demand
management mode (Mode D2, D3, and D4). When the grid
is normal, dc-link voltage Vg is regulated to V. by the ac—
dc converter, which leads to saturations of controller PI; to a
negative value causing Limiter 1 to output zero and controller
PI; to a positive value causing Limiter 3 to output I7. In a
similar way, assuming that the battery voltage did not reach
to V}° yet, controller PI, is also saturated to a positive value,
thereby causing Limiter 2 to output I(\.. Therefore, the battery
current reference ¢; becomes
I =T = Ie 5)
Therefore, the bidirectional dc—dc converter charges the bat-
tery with CC I until the battery is fully charged. When V;,
reaches the final discharge voltage of the battery, PI, is acti-
vated and starts to regulate V; to constant voltage V,". In or-
der to regulate V; to V", charging current [ is determined as
follows:
L =1; = Iy. (©)
When the grid fails during battery charging, the dc-link volt-
age starts to decrease, and the mode is changed from demand
management mode to emergency power supply mode. The bidi-
rectional dc—dc converter should switch the control objective
from the battery current or battery voltage to the dc-link voltage
and start to regulate the dc-link voltage instead of the ac—dc
converter. A decrease of the dc-link voltage activates PIs, and
its output I; becomes Iy . * in order to regulate the dc-link volt-
age. Iqc 1" is a current reference to regulate the dc-link voltage,

On the other hand, when the grid fails during the battery dis-
charging, PI; is activated since V. starts to increase. The output
of PIy, Iy 1, becomes the current reference to regulate V. to
Vi + AV and I} is determined by Icc”™ + Igc, i *. Therefore,
the dc—dc converter can autonomously change the mode from
the battery current control mode to the dc-link voltage control
mode by variation of the dc-link voltage.

B. Control of Three-Level AC-DC Converter

Fig. 9 shows the proposed control block diagram of the three-
level ac—dc converter for seamless mode transfer [36]-[38]. It
consists of the dc-link voltage controller, the grid-side current
controllers, and the capacitor voltage controllers. In the demand
management mode, the mode control switches ()7 and )y are
connected to “D,” and the ac—dc converter regulates the dc-link
voltage by controlling the grid-side current. Note that the PI
controllers of the v.; control block are used to control the grid-
side current. When the grid fails, the mode control switches ()4
and (), are connected to “E,” and the ac—dc converter goes into
the emergency power supply mode. The PI controllers of the
v,y control block are still activated, although the control target
is switched from the dc-link voltage to the capacitor voltage,
resulting in negligible transient across the VFD load.

In demand management mode, the relation of grid-side induc-
tor voltage vy 4, grid voltage V};, capacitor voltage reference v,
and grid-side inductor current reference I}, can be expressed
as follows:

vpg = vy =V, ®)
)

From (9), the required capacitor voltage for regulating the
grid-side current can be calculated by d-g transformation as

follows:
& ’ -
Vgt Vv 1
(]{ = g —|— ng Lj*
U(:f 0 _ZLg

where ng is the peak of the grid voltage, and V! is g component
of the grid voltage V, and equal to zero by the phase synchro-
nization. Equation (10) is shown in the iy, control block of

vep =Vygtw-Ly-I7,.

(10)
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Fig. 9, and the three-level ac—dc converter controls the grid-side
current by controlling the capacitor voltage based on (10).

When the grid fails, the three-level ac—dc converter operates
in emergency power supply mode, and the i1, controllers are
saturated and their outputs are restricted by the limiters. It is
note that the limiter’s outputs are limited to 10% of the nominal
grid voltage in this paper, and therefore the VFD load voltage is
controlled within the normal operating voltage range during the
islanding detection period. Then, the capacitor voltage reference
is determined as follows:

&
<U(:f ) - < ‘/gd )
o | = .
Ches 0

In emergency power supply mode, the three-level ac—dc con-
verter regulates the capacitor voltage to the same magnitude
of the grid voltage so that it is capable of supplying emergency
power to the VFD load. Note that there is a small variation (10%
of the nominal value) in vf}‘ and the control parameters of the
v controllers do not change at the mode change. Therefore, the
proposed control can provide the VFD load with a stable voltage
during the clearing time and achieve seamless mode transfer.

)

IV. SIMULATION RESULTS
Fig. 10(a) and (b) shows the simulation waveforms of the
mode change from Mode D1 to Mode El and Mode D4 to
Mode El, respectively, when the grid fails. In the simulation,
the nominal dc-link voltage is set to 450 V, and battery charging
current reference and battery discharging current reference are
set to 10 and —35 A, respectively. In Mode D1 of Fig. 10(a),
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Simulation waveforms of the proposed hybrid ESS-UPS showing the mode change. (a) Mode D1 to Mode E1. (b) Mode D4 to Mode E1.
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Fig. 11. Photograph of the 5-kW prototype.

the ac—dc converter is regulating the dc-link voltage to 450 V
while the dc—dc converter is charging the battery with 10 A.
When the grid fails, the ac—dc converter changes the control ob-
jectives and starts to regulate the VFD load voltage, contributing
to drop of the dc-link voltage. A decrease of the dc-link voltage
activates PI3, shown in Fig. 8, and the dc—dc converter starts
to regulate the dc-link voltage to 430 V after g, ;" becomes
smaller than 10 A. In Mode D4 of Fig. 10(b), the ac—dc con-
verter is regulating the dc-link voltage to 450 V while the dc—dc
converter is discharging the battery with —35 A. When the grid
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TABLE IV
SYSTEM PARAMETERS OF THE PROPOSED HYBRID ESS-UPS

ac-dc converter dc-ac inverter dc-dc converter
Symbol Value Unit Symbol Value Unit Symbol Value Unit

P 5 kW P 5 kW P 5 kW
Ve 220 Ve Jw 10.8 kHz Siw 10.8 kHz
Sow 10.8 kHz Vei 220 Ve Vi 210~310 Ve
Ve 430~470 Ve L; 540 uH L, L, 1.17 mH
L, 560 pH G 16 uF Cs 165 uF
Ly 540 uH Caep,Can 6 mF

Cr 16 uF

[5s/div]

Vou [SOV/div]
iy [10A/div]

Ve [SOV/div] |
i14 [10A/div]

iy [5A/div]

<+—— Mode DI Mode D2 Mode D3 ——+—— Mode D4—
(@
Grid voltage v, ,|50V/div| Grid current iy, [10A/div] [20ms/div] Grid voltage v, |50V/div| Grid current i,,[10A/div] [20ms/div]

AKAAARA //’” i
\

WYV VY YV Y Y VY

VY Y Yy

Battery current i, [SA/div]

Battery current iy |SA/div]

(b) (é)

Grid voltage v, ,|50V/div] Grid current iy, [10A/div] [20ms/div] Grid voltage v, ,|50V/div] Grid current iy, [10A/div] [20ms/div]

/‘/\ [{ /\ ;[\\ ’,f\/( ([\ /\ /’\ /’\\ 'T“Wﬁ 7/’\\
\.// \-/ [ 5

\
Capacitor voltage vy, |SOV/Aiv] Grid side inductor current ir, ,[10A/div]

14

1 \‘/‘ w",. l,.
\_/.

Battery current i, |SA/div]

Battery current iy [5A/div]

(d) ' @

Fig. 12.  Experimental waveforms of mode change. (a) Mode D1 to Mode D4. (b) Zoomed-in waveform of Mode D1. (¢) Zoomed-in waveform of Mode D2.
(d) Zoomed-in waveform of Mode D3. (e) Zoomed-in waveform of Mode D4.
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Grid voltage v, ,|50V/div]| Grid current i, ,[10A/div]
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[20ms/div]
it

Grid voltage v, ,|50V/div] Grid current iy, [10A/div]

4 A
A% ﬁwf\w/ i A ,A\ A /

A AT A

(,Il/)llclfr)l‘ voltage v s, [SOV/d mum I HOAIdIV]

T

‘VFI'load yoltage vyp;,|50V/div] VFI load currentiiypy, [10A/div.

470V
450V 30V 4350V DCink voltage vpe.p + Voo [20V/div]
DCHink voltage vic.p+-vpe v [20V/div]
] : LN St A TN TS N s
Battery, current 7, [10A/diV] e S NN ery curront Ty TTOATATY]
«——— Mode DI Clearing time Mode E1 Mode D4 Clearing time Mode E1
Islanding Islanding Islanding Islanding
occurence (a) detection occurence (b) detection
Fig. 13.  Experimental waveforms of mode change. (a) Mode D1 to Mode E1. (b) Mode D4 to Mode E1.

fails, the ac—dc converter changes the control objectives and
starts to regulate the VFD load voltage, contributing to increase
of the dc-link voltage. An increase in the dc-link voltage acti-
vates PI;, and the dc—dc converter starts to regulate the dc-link
voltage to 470 V after Ij. z* becomes greater than 0 A. The
simulation results show that the ac—dc converter changes the
mode from the dc-link voltage control mode to the VFD load
voltage control mode without any transients across the VFD
load voltage, and the dc—dc converter autonomously changes
the mode from the battery current control mode to the dc-link
voltage control mode.

V. EXPERIMENTAL RESULTS

Fig. 11 shows a photograph of a 5-kW prototype of the pro-
posed hybrid ESS-UPS that is composed of the three-level ac—dc
converter, the three-level dc—ac inverter, and the bidirectional
dc—dc converter. The control algorithm was implemented by
means of a dual core DSP TMS320F28377D. The system pa-
rameters of the proposed hybrid ESS-UPS are listed in Table IV.

Fig. 12(a) shows the four demand management modes of the
proposed hybrid ESS-UPS that represent Mode D1, Mode D2,
Mode D3, and Mode D4. Fig. 12(b)—(e) is zoomed-in waveforms
of Fig. 12(a). Fig. 12(b) shows Mode D1, the battery charging
mode. It can be seen that the battery current is positive, and
the grid current and the grid-side inductor current are in phase
with the grid voltage. Fig. 12(c) shows Mode D2, the battery
discharging mode, and it can be seen that the battery current
direction is negative, which means that the VFI load power is
supplied by the grid and the battery. In Mode D3, as shown in
Fig. 12(d), the battery discharging power is supplied to the VFI
load, and the VFD load power is supplied by the grid and the bat-
tery. In Mode D4, as shown in Fig. 12(e), the battery discharging
power is supplied to the VFI load and the VFD load, and the
rest of the battery discharging power is injected to the grid.

Fig. 13(a) and (b) shows the experimental results of mode
change from Mode D1 to Mode E1 and from Mode D4 to Mode
E1, respectively, when the grid fails. In Fig. 13(a), when the sys-
tem is in battery charging mode (Mode D1), the dc-link voltage
is regulated by the ac—dc converter to 450 V, and the battery is
charged by the bidirectional dc—dc converter. Thereafter, when
the grid fails, the dc—dc converter takes over responsibility for
dc-link voltage regulation from the ac—dc converter, and the

ac—dc converter starts to regulate the voltage of the VFD load.
Then, the dc-link voltage is reduced to 430 V because the grid
fails during battery charging. Note that the VFD load does not
have any transients. In Fig. 13(b), in the same way, when the
system is in battery discharging mode (Mode D4), the dc-link
voltage is regulated by the ac—dc converter to 450 V, and the
battery is charged by the dc—dc converter. Thereafter, when the
grid fails, the dc—dc converter takes over responsibility of dc-
link voltage regulation from the ac—dc converter, and the ac—dc
converter starts to regulate the voltage of the VFD load. Then,
the dc-link voltage increases to 470 V because the grid fails
during battery discharging. Note that the VFD load does not
have any transients.

VI. CONCLUSION

This study proposes a hybrid ESS-UPS having demand man-
agement and emergency power supply functions. The proposed
system achieves PCS cost reduction by integrating a PCS for
ESSs with that of a UPS. In addition, the proposed system in-
creases the capacity of emergency power supply by supplying
the VFD load as well as the VFI load when the grid fails. The
proposed system also increases the battery utilization by using
the battery energy for not only demand management, but also
emergency power supply. The operation modes of the hybrid
ESS-UPS are introduced, and the fast mode transfer algorithm
is proposed to alleviate transients during mode transfer. Exper-
imental results from a 5-kW prototype are presented to validate
the concept of the proposed operating modes and seamless mode
transfer algorithm.
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