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ABSTRACT Due to the popularity of plug-in electric vehicles (PEV)and the development of converter
technology, the electric-drive-reconstructed onboard converter(EDROC)is widely used in the charging
system which can work in vehicle to grid(V2G) mode or grid to vehicle(G2V) mode. In this article,
an EDROC for V2G/G2V energy management system is proposed. The EDROC uses permanent magnet
synchronous motor as a charging inductor in V2G/G2V mode without additional equipment. Meanwhile,
this article proposes a hierarchical V2G/G2V energy management system and the corresponding hierarchical
control strategy with the proposed EDROC. This system can realize the energy distribution between PEVs,
and avoid PEV overcharging. The proposed EDROC and control strategy are verified by simulation and
experiment.

INDEX TERMS Vehicle-to-grid, hierarchical control strategy, plug-in electric vehicles, electric-drive-

reconstructed onboard converter.

I. INTRODUCTION
With the Plug-in electric vehicles (PEV) sales are rising, the
PEVs are the most likely alternatives to combustion-engine
vehicles [1]. Compared with other new energy vehicles (such
as hybrid electric vehicles), the PEV has larger storage bat-
teries which make the PEV suitable for participate in the
vehicle to grid (V2G) or grid to vehicle (G2V) energy man-
agement. The technology of V2G/G2V can be used for load
leveling and emission reduction [2], [3]. And the V2G/G2V
systems are divided into three levels based on charging power
level: Level 1 (convenience), Level 2 (primary), and Level 3
(fast) [4]. In Level 2 and Level 3, charging piles connect
to the grid, which increases the hardware cost of V2G/G2V
technology. The PEV working in Level 1 does not require
additional charging equipment which is more suitable for
participating in grid control.

The electric-drive-reconstructed onboard converter
(EDROC) is proposed as the charger of PEV [5]. The EDROC
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reduces the volume and increases the power density by using
the permanent magnet synchronous motor(PMSM) as the
charging inductors for a charger. The charging or discharging
power in V2G/G2V mode is less than the rated power in drive
mode. And because the EDROC has not additional charging
equipment, it is usually connected to the grid with the same
transformer as the baseload and operates as in Level 1[6]. The
structure of PEVs and baseload connected to the grid is shown
in FIGURE 1, Each baseload contains one or more PEVs with
EDROC:s, and the base loads in the zone are connected to the
grid through the same transformer.

However, the disorderly charging of PEV causes the addi-
tional charging load which’s peak and the peak of baseload
occurs at the same time. And the V2G/G2V energy man-
agement can effectively reduce the peaks of load with
PEV [7]-[10] Generally, the hierarchical control system is
applied to V2G/G2V including PEVs [11]. In this system,
several PEVs share a power aggregator to form a subsys-
tem., and the hierarchical system includes one or more
power aggregators subsystem. The hierarchical systems are
divided into three levels: grid-level, power aggregator-level,
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FIGURE 1. The structure of PEVs and baseload connected to the grid.

and vehicle-level. At the grid-level, energy flows between
the grid and the aggregators. Considering that the V2G/G2V
system operates in the home or office, the reactive power of
the baseload can be compensated with the aggregator which
operates at the grid-level [12].

For the V2G/G2V system which contains large-scale
PEVs, the aggregator-level control strategy mainly relies on
the parking model or online scheduling model for energy
distribution [13]. The aggregator-level distribution scheme of
the V2G/G2V energy management system with solar energy
is discussed in [12]-[14]. In paper [15], a scheme based
on the game-theoretical approach that can bring benefits to
service providers and consumers is proposed. The paper [16]
optimizes the system model from the perspective of pricing,
improves the economic effect of the V2G/G2V system. The
papers [17] and [18] study the communication reliability of
the online scheduling model, reduce the error between online
scheduling and actual demand. However, the parking model
and online scheduling model are usually not applicable to
the hierarchical system without large-scale PEVs (such as at
home or office).

For the vehicle-level control strategy, the P-Q theory is
used to control the active power and reactive power, respec-
tively. In G2V mode, the PEV converter extracts active
power from the grid to charge the battery; In V2G mode,
the PEV battery provides active power to the grid through
the converter [19]. For the V2G/G2V system works with the
microgrid, the adaptive droop control based on the state of
charge (SOC) is proposed in [20] and [21]. For charging
stations with a large number of PEV, the droop control based
on synchronous converter technology is proposed in [22]. The
V2G/G2V converter work in Level 1 uses the vehicle-level
control strategy to achieve excellent reactive power compen-
sation capability [23].

In this article, an EDROC and corresponding hierarchical
control strategy are proposed. The proposed EDROC applies
the inductance of the PMSM as the charging inductor by
an auxiliary circuit. The proposed EDROC system can use
the socket at home or office to take participate in V2G/G2V.
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The hierarchical control strategy can realize the energy dis-
tribution between PEVs. The peaks of load and transformer
capacity reduced by the proposed control strategy. Mean-
while, the hierarchical control strategy can independently
operate without the parking model. The performance of the
proposed EDROC and control strategy is verified through
simulation and experimental results.

Il. TOPOLOGY AND ANALYSIS OF EDROC IN V2G

A. THE TOPOLOGY OF THE PROPOSED EDROC

The electric-drive-reconstructed onboard converter (EDROC)
is proposed, as shown in FIGURE 2, which combines the
charging and driving system to increase power density by
adding auxiliary circuits to the driver hardware. This topology
is used in this article to investigate the hierarchical control
strategy.

"AC source driving system ‘auxiliary :DC source
circuit

¢ PMSM attery |
; S:R5  SRx  SRF | SsREF '

FIGURE 2. The topology of electric-drive-reconstructed converter.

B. THE OPERATING STATE OF THE EDROC IN THE
V2G/G2V MODE

In the V2G/G2V mode, the switches S1&S, are disabled and
the switches S3-Sg are enabled, the work states are shown
in FIGURE 3. The switching states are divided into two ways
of four work states each.

The states I-IV are the way 1. The states I&II are working
in the positive grid. In state I, the switches S5 and Sg are
turned on, the switches S4, Sg, and S7 are turned off, and
current flows through the body diode of switch S3 as shown
in FIGURE 3(a). The state equation can be expressed as

dﬁ . 2 (Vg — Vac)

d 3L

iﬁ _ Vac Vp (1)
t 3L

dic _ Vac - VB

dt 3L

where, V. is the voltage of the AC source; Vp is the volt-
age of the battery; i,ip and i, are the three-phase induc-
tor current, respectively. L; is the stator inductance of
the PMSM.

In state II, the switches S4, and S7 are turned on,
the switches S3, S5, and Sg are turned off, and current
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FIGURE 3. Switching states of the EDROC.

flows through the body diode of switch S¢ as shown The states III&IV are working in the negative grid, and the
state equations are the same as that in the state I&II. The state

in FIGURE 3(b). The state equation can be expressed
equation can be expressed as

as
dﬁ . 2(=Vp — Vac) dﬁ . 2(=Ve+ Vac)
dar 3L, dtr 3L,
ﬁ _ Vac + VB (2) ﬁ _ _Vac + VB (3)
dt 3L a 3L,
%_Vac'i‘VB %__Vac'i‘VB
d 3L d 3L
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dia 2 (VB + Vac)

3’7 vl

@y _ “Vac — VB )
dt 3L

dic _ _Vac - VB

dt — 3L

The states V-VIII are the way II. The way I and the way II
work with the same state equation, and they can operate
independently or alternately. The relationship between the
AC voltage and the battery voltage can get:

- 2
{G_ 1-D (5)

where G is the voltage gain; D is the duty cycle; V,, is
the amplitude of the voltage of the AC source; m is the
modulation index of the inverter.

C. VEHICLE LEVEL CONTROL STRATEGY OF THE EDROC

In V2G/G2V mode, the control goal of the vehicle-level is
regulating active and reactive power to meet the V2G/G2V
system requirements. The operation area of V2G mode and
G2V mode as shown in FIGURE 4. when the converter
operates in V2G mode, the power flows from the PEV to
the grid and it is operating in quadrant II or quadrant III;
When the converter operates in G2V mode, the power flows
from the grid to the PEV and it is operating in quadrant I or
quadrant IV.

Q/Var4
P
V2G mode~" Qch,max~G2V mode
.’ ? '\
R I \
. \
1 P<0,Q>0 | P>0,Q>0
U Pch,max §
'. Pdch,max l‘P/W
\ P>0,Q<0 | P<0,Q<0 .
.o I\
RN R4
R 7
~ k.-
Qdch,max

FIGURE 4. The operation area of V2G mode and G2V mode.

The setting of active and reactive power should lie within
its capacity:

{_Pdch,max < P* < Pch,max (6)

—YYdch,max = = Ych,max
o <0*<Q

where, P* is the setting of the active power, Pgch mayx is the
maximum active power discharge allowed to the converter,
Pch.max 1s the maximum active power charge allowed to the
converter; Q* is the setting of the reactive power, Q4ch.max 15
the maximum reactive power discharge allowed to the con-
verter, Qch,max 1S the maximum reactive power charge for the
converter.
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The control strategies consist of three parts: the power
controller, the battery voltage controller, and the AC current
controller. The control block of the vehicle level is shown
in FIGURE 5.

S 83 I} S5 S,
AC Grid PMSM C [Battery]

© | (3

=

111 15,555,Ss

PR D PWM
+ lacref current
calculation
Lac Q
X @—{ ]
P-Q +
[ PI |
L1

Vac theory P .
+ *|
Pl O

FIGURE 5. The proposed vehicle level control block.

The EDROC works as a converter with the constant output
of active and reactive power in the V2G/G2V mode. The pro-
posed control strategy obtains instantaneous power through
the P-Q theory. The Sampling provides the o component
AC grid and the single-phase phase-locked loop provides the
B component. The active power P and reactive power Q are
obtained by Equation (7).

P=vyxiy+vg*ig

O =vgxiyg— Vg *xig

(N

where, v, and vg are the & and 8 component of the AC voltage
(Vac), respectively; iy and ig are the o and 8 component of the
AC current (i,.), respectively.

The power controller is adjusted according to the active
power setting (P*) and reactive power setting (Q*). The out-
put of the power controller is the battery charging or dis-
charging voltage reference (V) and reactive power reference
(Q,ef) .The active power and reactive power are controlled by
the PI controller, respectively. The transfer functions for the
active power PI controller and reactive power PI controller
are as follows:

P
Gp (s) = Kb + &
0o ®
Go (s) = K§ + —
Q P s

where K ;,) , K I.P and Gp (s) are the proportional constant, inte-
gral constant, and transfer function of the active power PI con-
troller, respectively. K }g, K iQ and G (s) are the proportional
constant, integral constant, and transfer function of reactive
power PI controller, respectively.
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The battery voltage controller controls the battery voltage
via the PI controller. The given of the battery voltage con-
troller is the output value of the power controller, and the
output value of the battery voltage controller is the active
power reference value (P, ). The transfer functions for the
PI controller are as follows:

KB
Gp () = Kp + —- ©)

where K Ilf s KiB and Gp (s) are the proportional constant,
integral constant, and transfer function of the battery voltage
PI controller, respectively.

The input of the current calculation module is the active
power reference value (P,,r) and the reactive power reference
value (Qref). The equations for the current calculation are as

follows:
6 = tan~! Lry
Prey

Pref (10)
Iy, =———
E,, cos6
iac,ref = Im sin(wt — 0)

where I,,, and E,, are the current and voltage amplitude of AC
source, respectively; 6 is the power factor angle; i ref is the
reference current of the AC source; w is the angular frequency
of the AC source.

The AC current controller is a PR controller so that the
current of the AC grid can follow the reference value which
is calculated by equation (10). The output of the AC current
controller is a duty cycle(D). The transfer functions for the
PR controller are as follows:

2K iC WeS

_ C
Ge (o) =Kp + 52+ 2wes + w2

(1D
where, Kg, Kl.c and G¢ (s) are the proportional constant,
integral constant, and transfer function of the AC current
PR controller, respectively. w, is the resonant angular
frequency, w, is the crossover angular frequency.

The controller parameters are based on the bode diagram
which is plotted in FIGURE 6. During designing the parame-
ters of the control system, the design of the controller begins
with the AC current PR controller. The resonant frequency
is set with 314rad /s which is the AC frequency of the pro-
posed, and the crossover angular frequency is set as w, =
3rad /s[24]. The bandwidth of the battery voltage and power
controller is below the resonant frequency to avoid instability
of the AC current controller. Since the variation of the bat-
tery voltage is less than that of the AC source, the voltage
controller is set with a larger bandwidth than that of the
power controller. The active and reactive power controllers
are set with different bandwidth so that the controllers do
not conflict. The active power component is the main part of
the total power in the V2G/G2V system, and enough phase
margin of active power controller is beneficial to reduce the
system overshoot.
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FIGURE 6. The bode diagram for the controllers.

lll. HIERARCHICAL V2G/G2V ENERGY MANAGEMENT
SYSTEM WITH EDROC

A. THE V2G/G2V ENERGY MANAGEMENT

During the operates time of PEV with EDROC, the baseload
goes through one or more peaks and valley as the load
curve with PEV[25] is shown in FIGURE 7. The EDROC
has sufficient time to participate in load peaking through
V2G/G2V energy management. The V2G/G2V energy man-
agement system regulates discharging (V2G) power and the
charging(G2V) power of PEVs. When the load curve is at its
peak, the energy management system regulates the charging
power of the PEV to do as peak suppression. The PEVs with
low SOC connected at this time should be charged at normal
power. The PEVs with high SOC need to reduce charging
power or even discharge to avoid overcharging. Overcharged
PEVs need the department the system early. When the load
curve is at its valley, the energy management system to
increase charging power to do as valley filling.

—PEV+base load
— PEVload
base load |

121314151617 18192021222324 1 2 3 4 5 6 7 8 9 101112
Time(hour)

FIGURE 7. The power load curve with PEV.

B. THE STRUCTURE OF HIERARCHICAL SYSTEM

The system structure and flowchart are shown in FIGURE 8
and FIGURE 9. The proposed system structure is divided into
three parts: gird level, power aggregator level, and vehicle
level. The baseload and power aggregator share a transformer
which connected to the grid. Several PEVs share a power
aggregator.

In the adjustment period of the V2G/G2V mode, the oper-
ating time which over a time horizon is divided into K time
slots and the duration of each time slot is At. In the time slot &,
the PEV sends SOC data to the aggregator that uses the
average value of PEVs SOC as the operation state, the
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FIGURE 8. The system structure in V2G/G2V mode.
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FIGURE 9. The flowchart of the hierarchical V2G/G2V system.
equation is as follows

1
SR == )

where s(k) is the average value of SOC under the aggregator
at time slot k;s,,(k) is the SOC of PEV n at time slot k.

(12)
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C. POWER AGGREGATOR-LEVEL CONTROL STRATEGY

The aggregator-level controller sends active power reference
and reactive power reference to each PEV. The control objec-
tive is reducing the dispersion of the SOC between each PEV
to achieve a reasonable distribution of energy under the aggre-
gator. The V2G/G2V system with the control objective can
avoid PEV overcharge and reduce the fluctuation V2G/G2V
total power. To express the degree of dispersion of the SOC,
the objective function is formulated as (13).

1 N
N Zn:l |8" (k)|
1
- NZ:; |sn (k) = (k)| (13)

where §,(k) is the deviation from the value of PEVs SOC at
time slot k. Assuming that the total number of PEVs is N,
and the battery specifications of these PEVs are the same.
The aggregator-level control objectives were decided based
on equation (14).

g}r{l (F (s1 (k), s2(k)---sys(k)))

F (s1(k), 52 (k)---sn (k)

(14)

Considering the SOC limitation of PEV(Sj;,,) and enough
operation time, the control objectives decided based on the
following equation:

k — 00,5 (k) = siim
p1 k) =p2k) =---=pn k),
F(sy(k),s2(k)---sny (k))=0

15)

The state equation of the aggregator-level control is shown
as equation (16). The state variables are the SOC of each
PEV and the average value of PEVs SOC, and the observation
variable is the SOC dispersion The active power allocated to
each PEV is used as an input variable.

1 0 0l 0
0 1 01 0
0 0 10
11 I
- —1 0
LN N NI
B 0 |
0 Aeh 0
x (k) + 5 ® 1
0 0 Aeh
LN N N |
1 ol -1
0 1 o —1
yk)=|. . L [ x(k)
: : O} :
0 0 1 -1
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where,

s1 (k)
52 (k)
x(k)y=|: . u(k)=

p1 (k)
p2 (k)

[ 51 (k)
82 (k)

5 (k)

P, (k) is the active power allocated by the PEV n at time slot k;
Acn 1s the battery efficiency, and it is defined as

ASp (k) = AenPp (k) a7

The aggregator-level control strategy is shown
in FIGURE 10. Where P4 (k) is the active power of aggregator
which is controlled by gird-level control strategy; n is the
power balance parameter; E is the identity matrix. To meet
the control objectives, the given of the observed variable is
set to zero vector.

Pa(k) u(k) x(k+1)=Ax(k)+Bu(k) y(k)

y()=Cx(k)

A

+ Y 0
; r—{ n H 1/Sim %—4‘
=

FIGURE 10. The aggregator-level control strategy.

The PEV under the aggregator gets the weight function
used to allocate power as shown in equation (18) and the
active power reference for each PEV is shown in equation
(19). where, f,,(k) is the power weight function allocated by
the PEV n at time slot k which is regulated by the deviation
of PEV and the power balance parameter; n is the power
balance parameter which adjusts the range of the active power
reference.

L
: (18)
full) = ]% 00 _si; ©)
P = (5 +n e,

(19)
Pa ) = (5 + 0,
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Under the proposed aggregator-level control strategy,
PEVs with higher SOC get a smaller weight function and
PEVs with lower SOC get a larger weight function. In this
way, the charging process of the PEV with high SOC is
prolonged to avoid the PEV overcharging, and the charging
process of PEVs with low SOC is shortened to reduce the
PEV deviation.

Considering the range values of the distribution function,
the maximum and minimum values of the active power
according to the proposed control strategy are shown as
equation (20).

1
Pn,max (k) = _PA (k) + nPA (k)
N (20)

1
Pn,min (k) = NPA (k) — nPy (k)

Moreover, the active power allocated to the PEV n at time
slot k P,(k) should lie within its capacity:

PPEV,min =< Pn (k) = PPEV,max (21)

The relationship between the capacity of power and oper-
ating mode of PEV is shown as equation (22).

PpEV max = 0, PpEV min < OV2G/G2V (22)
PpEv max < 0, Ppev min < 0G2v

Ppey max = 0, PpEV min = 0G2V

where Ppry max 1s the upper limit of the capacity of PEVs;
PpEV min 1s the lower limit of the capacity of PEVs.
Considering the capacity of power, the value range of the
power balance parameter coefficient is as equation (23)
0 < 1 < min <PPEV,max B i 1 PPEV,min) (23)
N N Py (k)

To ensure consistent the power factor angle of all PEVs
under aggregator, the reactive power is distributed according
to the distribution ratio of the active power, as shown in
equation (23).

Q1 (k) = X304 (k)
: (24)

On (k) = 29304 (k)

where Q, (k) is the reactive power allocated by the PEV n at
time slot k; Q4 (k) is the reactive power of the aggregator at
time slot k.

The active and reactive power reference which distributed
by the aggregator-level controllers is sent to PEVs as the given
of vehicle-level controllers, respectively.

D. GIRD-LEVEL CONTROL STRATEGY
The grid-level control objective is to compensate for the
reactive power of baseloads, distribute active and reactive
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power to the aggregator. The node balance of the grid-level
control strategy is shown in equation (25).

Py (k) = Pg (k) — Py (k) — Pr (k) 25)

On (k) = Qa (k) — Or (k)
where, Py(k) and Oy (k) are the active and reactive power
flowing through the node at time slot k, respectively. Ideally,
the energy flowing through the node is zero. Py (k) and Qy (k)
are the active and reactive power consumed by the baseload at
time slot k, respectively; P4 (k) and Q(k) are the active and
reactive power of the aggregator at time slot k, respectively.

After determining the distribution power of the grid-level,

the active power requirements of the aggregator are deter-
mined. Considering the limitation of SOC and the current
state of charge, the active power requirement is determined
by equation (25). The function decreases as the average
SOC grows so that the final average SOC is close to the
SOC limit. [11]

Slim—
Pytk+1) = ""0Py 00 (26)
Slim
where Sy, is the maximum SOC limit of the PEV. Py 4 1S
the upper limit of the capacity of the aggregator and defined
as:

PA,max = NPPEV,max (27)

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATIONS RESULTS

To verify the proposed system, a hierarchical V2G/G2V
energy management system containing six PEVs are simu-
lated. The simulation considers a 10-hour scheduling time
which divides it into 120 time periods, each lasting 5 minutes.
The power limit capacity of each PEV is set to I0KW. The
limit of SOC is set to 80%. The simulated scene is shown in
FIGURE 11. At the initial moment (12:00), the PEV1-5 is
charged through the outlets at home or office. After 4-hour of
the initial moment (16:00), the PEVS5 leave from the outlet.
After 6-hour of the initial moment (18:00), the PEV6 plug-
in the outlet. In the simulated, all PEV controlled with the
proposed hierarchical control strategy.

When the power balance parameter 7 is set to 1.5, the PEVs
are only allowed to work in the G2V mode. FIGURE 12
shows the active power of PEV during scheduling time;
FIGURE 13 shows the SOC of PEV during scheduling time.
At the initial moment (12:00), the deviations of the SOC of
PEVI1-PEVS are 10.5%, 8.0%, 2.0%, 7.0%, 9.5%, respec-
tively. The PEV1 is distributed to a power of 6.6 kW which is
the maximum power in the system. The PEVS5 is distributed to
a power of 0.4 kW which is the minimal power in the system.
After 4 hours of initial moment (16:00), the deviations of the
SOC of PEV1- PEVS are 1.6%, 1.2%, 0.3%, 1.0%, 1.4%,
respectively. The dispersion of SOC is reduced from the
initial state. After PEV5 departure at the fourth hour (16:00)
and PEV6 was plug-in at the sixth hour (18:00), the SOC of
PEV did not fluctuate. At the final moment, every PEVs in
the system are not overcharged.
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FIGURE 11. The simulated scene for hierarchical System.
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FIGURE 12. Active power of PEV work in G2V mode.
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FIGURE 13. SOC of PEV work in G2V mode.

When the power balance parameter 7 is set to 2.5, the PEVs
are allowed to work in G2V mode or V2G mode, FIGURE 14
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FIGURE 15. SOC of PEV work in G2V/V2G mode.

shows the active power of PEV during scheduling time;
FIGURE 15 shows the SOC of PEV during scheduling time.
In this simulation, the initial state of PEV is the same as the
simulation which is only allowed to work in the G2B mode.
At the initial moment (12:00), the PEV1 is distributed to a
power of 8.8 kW which is the maximum power in the system.
The PEVS is distributed to the power of -1.6 kW which is the
minimal power in the system. The values range of the power
in this simulation is wider than that in the simulation which
is only allowed to work in G2V mode. Because PEV4 and
PEVS5 have a high initial SOC and large deviation, their
initial power is given a negative value while operating in
V2G mode. Under the control strategy, the power given of
PEV4&S5 increases with the decrease of the deviation, and
when the given of power changes from negative to positive,
PEV4&S5 changes from V2G mode to G2V mode. After
2 hours of initial moment (14:00), the deviations of the SOC
of PEV1-PEVS5 are 1.1%, 0.9%,0.2%, 0.7%, 1.0%, respec-
tively. After 4 hours of initial moment (16:00), the deviations
of the SOC of PEVI-PEVS are 0.4%, 0.3%,0.1%, 0.2%,
0.4%, respectively. In this simulation, the dispersion of SOC
is reduced more rapidly than the simulation which is only
allowed to work in the G2V mode.

When the SOC of all PEVs are higher than the limit of
SOC. the PEV only allowed to work in the V2G mode. In the
simulation, the power balance parameter n is set to 0.2 and
the limit of SOC is set to 20%, the PEVs work in the V2G
mode. FIGURE 16 shows the active power of PEV during
scheduling time; FIGURE 17 shows the SOC of PEV during
scheduling time.

FIGURE 18 shows the relationship between power balance
parameter 1 and objective function, the objective function
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decreases faster as the power balance parameter 1 increases
within the range of values.

FIGURE 19 shows the effect of the energy management
system on the load curve. In this simulation, the aggregator
with the proposed energy management system replace 30%
of the PEV load, and the simulation based on actual data
from paper [25]. The simulation starts at 12:00 and ends
at 22:00. The baseload is not affected by PEVs load. The
maximum value of the PEV load without energy management
is 173kw, the minimum value is 115kW, and the coefficient
of variation is 12.9%. The maximum value of the PEV load
with energy management is 147kw, the minimum value is
128kW, and the coefficient of variation is 3.7%. The proposed
energy management system reduces PEVs load fluctuations.
The peak of the PEVs+-base load curve with proposed energy
management is 299kw and that without energy management
is 324kw. The proposed energy management allows for the
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TABLE 1. Parameters in experiment.

Description Value
Maximum power rating in V2G/G2V 500W
Battery voltage 110V
Input voltage frequency 50Hz
Switching frequency f; 10KHz
Rated power of PMSM 3.8KW
Stator inductance of PMSM ImH
Pole number of PMSM 6
Current rating of the PMSM 10A

orderly charging of the PEV's and reduces the peak of the load
curve.

B. EXPERIMENTAL RESULTS

To verify the proposed EDROC, a workbench is built as
shown in FIGURE 20. A permanent magnet synchronous
motor is used as the AC-side power inductor in V2G/G2V
mode. The amplitude of the voltage of the AC source is
set at 60V. The Rohm SCT3120AL MOSFET switches
and AACPL-W346 gate driver optocouplers were used to
building the switching network, the voltage hall sensors
CHV-25P/500, the current hall sensors CHB-15AD, and the
Texas Instruments ADS8556 were used to build the sam-
pling circuit. An STM32G484 microprocessor controller is
utilized to implement the proposed vehicle level control with
a switching frequency of 10 kHz.The parameters in the exper-
iment as shown in Table 1.

In this experiment, the proportional and integral constant
of AC current controller is set to 0.6 and 500, respectively;
The proportional and integral constant of the battery voltage
controller is set to 0.15 and 150, respectively. The bandwidth
of the battery voltage controller set is to 218 rad/s which is
lower than the resonant frequency of the AC current con-
troller(314rad/s); The bandwidth of the active power con-
troller is set to 20 rad/s which is one order of magnitude
smaller than that of battery voltage controller. The bandwidth
of the active power controller is set to 43 rad/s to avoid con-
flicts between controllers. The phase margin of all controllers
is set to more than 90 degrees to reduce overshoot in vehicle
level. The experiment using the parameters in Table 2.

The experimental operating state of the EDROC is shown
in Chapter II. The switches S1, Sy, S3 and S¢ are disabled; the
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TABLE 2. Parameters for controllers.

Parameter battery active reactive AC
voltage power power current
controller  controller  controller  controller
proportional constant 0.15 0.5 0.1 0.6
integral constant 150 10 30 500
phase margin(deg) 98.6 120.0 95.7 129.2
bandwidth(rad/s) 218 20 43 /
resonant / / / 314
frequency(rad/s)

Switching
Network

Control + Sampling
Board

.-S4l il 4*

. .Ssi

FIGURE 21. The PWM wave of EDROC.

switches S4, S5, S7 and Sg are controlled by the PWM which
modulation via STM32G474, as shown in FIGURE 21.

FIGURE 22 shows the voltage of AC source waveforms
and three-phase inductive current waveforms of PMSM.A-
phase current has the same fundamental frequency and phase
as the voltage waveforms of AC source, and the amplitude of
A- Phase current is 2A. The A- Phase current is equal to the
sum of B-phase current and C-phase current.

FIGURE 23 and FIGURE 24 show the voltage and the cur-
rent of AC source in G2V mode and V2G mode, respectively.
The proposed converter can control the direction of energy
flow with the proposed control strategy.
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FIGURE 25. Relationship between the voltage of the AC source and the
voltage of the battery.

FIGURE 25 shows the relationship between the voltage of
the AC source and the voltage of the battery. The voltage of
the battery is 110V, and the amplitude of the AC voltage is
60V. This relationship satisfies equation (5) and the voltage
of the battery can be controlled.
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TABLE 3. Comparison to on-board converter.

. _ Additional Spe.c1ally Number of
on-board converter |multifunction . designed power
inductance .
motor switches
The proposed
EDROC Y N N 8
The EDROC in [5] Y N Y 12
The EDROC in [6] Y N Y 8
The EDROC in [26] Y N N 10
The sing-phase
charger in [27] N Y / 4
The motor-driven
converter in [28] N / N 6

NOTE: Y is YES, N is NO,

C. THE HARDWARE COST COMPARISON OF EDROC

The EDROC reduces the hardware cost by replacing the
additional inductance with a PMSM in V2G/G2V mode and
integrates the functions of the charger and the drive system
to reduce the number of switches (Compared to the PEV
with independent charging systems and drive systems). The
proposed EDROC further reduces the number of switching
tubes by optimizing the topology and does not configurator
specially designed motors. The proposed EDROC has a lower
hardware cost compared to other EDROCs or chargers and
reducing the hardware cost of V2G/G2V applications. The
hardware cost comparison of EDROC as shown in Table 3.

V. CONCLUSION

This article proposes a hierarchical control strategy with a
novel EDROC which can be onboard and directly utilize the
power outlet at the office or home. The experiments show
that the proposed EDROC enables the bidirectional flow of
energy to meets the requirements of V2G/G2V systems. The
proposed control strategy achieves the reasonable distribution
of energy between the PEVs under a hierarchical control
structure. The simulations show that the V2G/G2V system
which controlled under the proposed control strategy avoids
overcharging, and reduces the dispersion of PEV SOC. The
application of the V2G/G2V energy management system pro-
posed in this article can reduce the hardware cost of charging
PEVs and make efficient use of energy.
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