International Journal of Innovative
Computing, Information and Control ICIC International (©)2014 ISSN 1349-4198
Volume 10, Number 3, June 2014 pp. 1017-1028

VECTOR CONTROL MODELLING OF VEHICLE TO GRID
CHARGING AND DISCHARGING CONVERTER

XI1AOLET WANG, LIANG YANG, PAN YAN, WENDAO YAO AND GUANGWEN SHI

School of Electric and Information Engineering
Zhongyuan University of Technology
No. 41, Zhongyuan Road, Zhengzhou 450007, P. R. China
www.218@126.com; ylsolar@qq.com

Received May 2013; revised October 2013

ABSTRACT. In this paper, a space vector based new control strategy and circuit topology
structure of electric vehicle charging and discharging converter is proposed. The control
strategy uses rotation vector of the directional three-phase active tide reversible PWM
converter, and the circuit topology is two-way control DC/DC converter with double buck
reversible structure. In order to improve the efficiency of vehicle to grid charging and
discharging converter (V2GCDC), main circuit of the converter adopts isolation method,
which is suitable for high power direct voltage battery group. The Euler-Lagrange method
is used to analyze dynamic process and control method of V2GCDC. The simulation
results show that the double buck reversible structure has the function of electric power
flowing with two-way, the transmission power factor is 1, and the harmonic is under
control within 2%.
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1. Introduction. V2G (Vehicle to Grid) describes a new type of grid technology, and
electric vehicles are not only as users of power, but also as green energy storage units
connected with power grid [1]. V2G technology is an important part of Smart Grid
Technology (SGT), which can exchange energy in two ways interaction between electric
vehicle and grid under controlled conditions. Application of V2G technology, electric ve-
hicle battery can be unified arrangements in charging and discharging [2]. In accordance
with charging and discharging strategy, surplus energy can be feedback to power grid.
Intelligent V2GCDC usually has three-phase structure in power grid side [3]. Power can
flow in positive or negative direction for the sake of using double buck chopper circuit in
DC/DC converter part. Electrical energy of power grid flows to battery array in charg-
ing, and the battery arrays’ energy flows to the power grid in discharging. The PWM
converter /inverter circuit displays characteristics of a constant voltage source in charging,
and it displays characteristics of a constant current source in discharging [4,5]. The Euler-
Lagrange method is used to analyze dynamic process and control method of V2GCDC
[6]. At the same time, it is comprehensively analyzed that front mathematical model of
PWM rectifier /inverter and back mathematical model of the bidirectional DC/DC con-
version device, to seek their common characteristics. A more versatile V2GCDC unified
mathematical model is established which is based on the above two mathematical mod-
els, and can be used in simulation and control of electric vehicles in SG [7]. It can be
seen from the decoupled equation of V2GCDC, rotating coordinate system orientation is
not effected by differences of bidirectional DC/DC converter topology connected back of
inverter which is based on vector control analysis method of PWM rectifier/inverter [8].
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It is not influenced fundamentally by the source of rotation angle and changes of given
parameters and feedback parameters that control strategy of overall V2GCDC [9].

Using concept of PWM rectifier /inverter for different types of DC/DC converter, after
decoupling operator, PWM rectifier /inverter of V2GCDC has similar equations with var-
ious types of voltage equations with DC/DC transform [10]. Therefore, the coordinate
oriented vector control can be used in control strategy. V2GCDC is a complex hybrid AC-
DC power control system, which has certain theoretical and practical significance based
on kinetic energy balance of the Euler-Lagrange equation to analyze process of charging
and discharging transient [11,12]. Therefore, in this paper, a space vector based new con-
trol strategy and circuit topology structure of electric vehicle charging and discharging
converter are proposed.

The outline of the paper is given as follows. Basic constraints of V2GCDC is described
in Section 2. The Euler-Lagrange Equation in application of electricity control system
and transformation device is presented in Section 3. The Euler-Lagrange Equation in
application of V2GCDC is discussed in Section 4. The simulation results are given in
Section 5, and Section 6 is the conclusion.

2. Basic Constraints of V2GCDC.

2.1. Typical structure of V2GCDC. The typical structure of V2GCDC is shown in
Figure 1. Voltage of power grid is equivalent to three-phase symmetric alternating voltage
source, alternating voltage is u, (z = A, B, (), frequency of power grid is f, and radian
frequency of power grid is w. The power grid is connected to switch elements of IGBT
through a group of inductance components, current of inductance components are 74,
i, tc. The type of inverter is a three-phase bridge, which includes six switch elements
(T1-Ts) and six freewheel diodes (D;-Dg).

2.2. Basic switch constraints of V2GCDC. Every branch of PWM rectifier /inverter
has a basic switch constraint, that is, the branch T1 and T4 complementary, T3 and T6
complementary, T5 and T2 complementary, T7 and T8 complementary. The switch state
function of every branch is decided by the above half bridge’s switch condition or below
half bridge’s switch condition, freewheel diode only influence to freewheeling loop. In the
following we will make such a hypothesis that the DC bus voltage between P and N is
Ve, the potential of P is V., the potential of N is 0, and voltage of all capacitors is in
balance states. We can get the output voltage of every phase through the switch condition
of every branch, which is shown in Table 1. The number 1 represents that the switch is
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FIGURE 1. The typical structure of V2GCDC
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TABLE 1. Relationship between three-phase switch function and voltage

Sc Sg  Sa Van VanN Ven Vas  Vec Vea
0 0 0 0 0 0 0 0 0
0 0 1 2Vpe/3 ~Vpc/3 —Vpc/3 Vpe —Vpo
0 1 0 Vpe/3 2Vpe/3  Vpe/3 Vbe Vbe
0 1 1 Vpe/3 Vpe/3 —2Vpc/3 Vpe  —Vpeo
1 0 0 ~Vpe/3 ~Vpe/3 2Vpe/3 ~Vpe \% e
1 0 1 VDC/3 *QVDc/S VDC/3 VDC *VDC
1 1 0 *QVDc/S VDC/3 VDC/3 *VDC VDC
1 1 1 0 0 0 0 0 0

} } \[ Power Network

FIGURE 2. The typical V2G structure of V2GCDC

on and the number 0 represents that the switch is off. The letter j represents the set of all
phases of PWM rectifier/inverter and DC/DC converter, which is shown in the following.

j € (A, B,C,D), S; is the switch function of every switch, and S; = (1,0).

The simplified main circuit topology structure of three-phase bridge inverter is shown
in Figure 2, and the switch elements such as IGBT, IPM or other elements in the same
place have the same switch function. We can get the line voltage and phase voltage with
different compound modes through the given value of DC voltage, which is shown in Table
1.

2.3. The voltage constraints equations of PWM rectifier /inverter in the side
of power grid. The voltage constraints equations of PWM rectifier /inverter in the side
of power grid relate with connection type of three-phase winding, when the connection
type of three-phase winding is Y, and the equation can be described as,

Qy = uj = (uyn —unoy) ' € (4,B,0) (1)

where uj v represents the potential of N in the three-phase winding, and uxyo; is the poor
between the potential of N and the potential of O’j’. Therefore, we can obtain voltage
constraints equations based on axiom of Kirchhoft’s Voltage Laws (KVL) and Kirchhoft’s
Current Laws (KCL),

1
g(UAN + Upn + Ucnw) (2)
Moreover, the voltage of PWM rectifier /inverter’s every phase can be obtained,

Ujn = SjVbe (3)

Unory = —
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3. The Euler-Lagrange Equation in Application of Electricity Control System
and Transformation Device. The Euler-Lagrange equation of electricity control sys-
tem and transformation device is described as,

d /OL oL OF 4
4 ( az.j) e =@ (=4BC) @
where, the letter of L represents Lagrange equation, which equals the poor between Kinetic
energy (T') and potential energy (V). The letter of ¢; is generalized coordinate, and ga,
¢B, qc and qp, of the electrical system are the generalized coordinates. The letter of i;
is generalized velocity, and i4, ip, ic and iy, of the electrical system are the generalized
velocities. The letter of F' represents dissipation function, which is the loss energy of
resistance, and,

1
I = 5RAi?4 + Rpi% + Reig + Rrain + Rgit (5)

The letter of R, represents loss factors, which are Ry, Rg, Rc and Ry. The letters 14,
Vg, Yo and Yp of flux linkage represent generalized momentum.

According to the above relationship and Figure 2, the mathematical model of PWM
rectifier /inverter can be obtained. There is generalized potential energy for the sake of the
existence of capacitor. Therefore, the Lagrange equation is established, which is shown
in the following,

L=T -V (6)
The generalized potential energy is shown in the following,
1¢?
V=-= 7
2C (7)

where, the letter ¢ is the Charge of DC capacitor (C'), which is shown in the following
that relationship between the Charge (g,) of inductance component and the Charge (q)

of C,
q
=2 r=AB,C,D (8)
where the letter S is the switch function.

qrL =g (9)
The load is a resistive load in usual conditions, so there is no inductor. It is got that
the generalized kinetic energy equation of Figure 2, is
T" = Wiia,ip,ic) (10)
Then, the generalized force equation of voltage can be obtained based on Equations
(4)-(10), namely,
d [OW/(ia,iB,ic,ip) . ov
- c ) ) ) Riio — —— — s 11
dr [ 91, + L1 94 uj (11)
In Equation (11), the relationship between potential energy and generalized displace-
ment charge can be described,

04y 94y T g O
The negative sign represents reducing trend of generalized velocity. Then the voltage
switch functions can be obtained based on the above relationship,

Sy =29, — 155 — 15,

Siy =255 — 180 — 154

3_‘/__@__5/@:_5'2—_5;%& x=ABC,D (12
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St =35c — 554 — 358 (13)

-3
where S, equals 1 which represents that the above bridge is on, and it equals 0 which

represents that the above bridge is off (z = A, B, C).
Therefore, the generalized force potential energy of the load (Z;) can be shown in the

following,
142 1¢?
ov 0(35) 9(3%) ,
dqr qr, dq C
Because the magnetic altogether energy different current is flux linkage, the flux linkage
function of PWM rectifier /inverter can be obtained,
aWc/(ZAa 7:B, iCu ZD)
i

= w]’/(i/MiBaiCaZ-D)? j/ € (A7 B7O’ D) (15)

4. The Euler-Lagrange Equation in Application of V2GCDC.

4.1. The flux linkage function of PWM rectifier /inverter. According to Equations
(11)-(15), the equations of PWM rectifier/inverter and two-way control DC/DC converter
can be obtained,
Biy At dig At ' dig dt ' dip dt
OYpdiy OYpdip OYpdic  OYpdip
Dia At Dip At Bic At | Dip dt
0o dig N Mo dip | Oe dic N e dip
Oiy dt Oip dt Jic dt ~ Oip dt
Oupdia | bpdin | Oupdic | Ovpdin
Oiy dt Oip dt OJic dt OJip dt
Up = EO — iDRS (20)
Then, the current constraint equation of the capacitor loop based on the KCL can be
obtained,

+ S;‘Vdc + RAiA = UA (16)

—FSIB%C—{—RBZB = Uup (17)

+ S/cvdc + Roic = uc (18)

+S/D‘/dc+RD7;D = Up (19)

dVige . . ) .
C d; :(SA1A+SBZB+SCZC)_SD2D (21)
And, the voltage matrix equation of PWM rectifier /inverter can also be obtained,
U=R- I+ py (22)

where p = % is the differential operator. Equation (22) also can be written in such style,
ua — (354 — 358 — 35¢) Vae
uUp — (%SB - %SC - %SA) Ve

U= uc — (2S¢ — 354 — +58) Vi (23)
EO - SDVdc

I=[is ip ic ip]" (24)

R =diag| Rx Rz Rc Rp | (25)

Y=[va ¥ Yo ¥p }T (26)

According to the above equation, the conventional voltage equation is obtained,
U=1-R+L-pI (27)
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And, the matrix of inductor is shown in the following,
a4 da
Dia dip dic
dp W dp

o Oia dip dic
L= e e He (28)
i A dip dic
oY
0 0 0 32
If the inductors are linear elements, we can get the following equation,
Y=L-1 (29)
Therefore, Equation (22) can be changed into the following equation,
S"Vae UAs Ry iA Ya ua
SpVae | _ | uss | _ _ Rp B _p VB 4| us
Se Ve ucs Re ic Yo uc
S/Dvdc Up RLQ + RS iD @bD EO
(30)
New voltage matrices are defined in Matrix (30), which are shown in the following,
T
U, = [ uas ups ucs up | (31)
U. = [ us up uc Ey }T (32)

In linear conditions, the matrix of inductor is defined by,

877/114 8¢3 a¢c
L= = =
din  Oig  Oic (33)

—M:%—@Z", r=AB,C;, y=AB,C; v#y (34)
Matrix (29) of flux linkage also can be written in the following style,
s L -M -M 0 iA
;/b}i = :% —?\4 _I]/V[ 8 zg = LapcplaBep (35)
Yp 0 0 0 Ly ip

And, the voltage Equation (30) also can be written in such style,
U;=—-RI —pyp+ U, (36)

4.2. Coordinate transformation of PWM rectifier /inverter’s electrical energy
and converter device. The power transformation network of PWM rectifier/inverter
uses synchronous d-¢-0 coordinate system. The power transformation scheme is shown in
Figure 3.

In Figure 3, the d-q coordinate system is rotating with radian frequency (w) of power
grid, and letter 6 is rotation angle of coordinate system. The direction of d axis is decided
by direction of synthetic voltage vector. Transformation matrix can be shown,

K(9) - 2 sin 6 sin( - %’r) sin (¢9+ %’r) 1 (37)

3| cosfh cos( —%”) cos(@—l—%”) 1
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F1GURE 3. The power transformation scheme

Inverse transformation matrix is described as,

sin 6 cos 6
in (9 — 2« _ 2z
k0 -kt~ | 05 =) (39)
sin (@ + 3) cos (9 + 3)
1 1

Therefore, according to Equations (24)-(27), the new vector matrix can be obtained,

U, = K1 (0)Uuqs (39)
U.= K '(0)Uy,e (40)

I=K'(0)I, (41)
Y =K (0)ha (42)

Equation (36) also can be changed into the following style,
K ()K" (6)Usy, = ~K(O)RK " (6) Ly, — K(O)p[K " (0)bar] + K(6)K ' (0)Usye (43)

In Equation (43), the voltage matrix of power grid and battery in d-q coordinate system
can be described,

Use = KO)U, = [ uge uge Eo]" (44)
And the switch voltage matrix of inverter in d-q coordinate system is described,
Usgs = K(O)U, = [ ugs ugs up | (45)

Current matrix is described in d-q coordinate system,

qu:K(Q)I:[id ig iD]T

Flux linkage matrix is shown,
T
Yoy =K(O)p = [ tha g Up | (47)
And the resistance matrix is shown,

Ry, = K(0)RK '(0) = diag[ Rq R, R+ Rs | (48)
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4.3. Coordinate transformation voltage equations of PWM rectifier /inverter
and bidirectional DC/DC converter. Voltage equations have the following styles in
d-q coordinate system, first,

Uigs = —Raglag — K(0)p[K ' (0)thag) + Uage (49)
And, Equation (49) also can be written as,
Uigs = —Raglag — K(O)p K~ (0)|9pay — K(0)[ K~ (0)]pthaq + Usge (50)
In Equation (50), the flux linkage equation can be written in the following style,
Yag = K(0)Lapcp K" (0) 14, = La, 1, (51)

Therefore, we can obtain the following equation based on the differential chain law,

OK~1(0) do 0 —1
KOp K9] = ——~2— = 52
i) = P =0 ) (52)
Therefore, Equation (44) can be changed into the following equation,
Ugs [ R4 iq
Ugs | = — R, iq
uUp ! Ry + RS. ip | (53)
Ly ld 0 —wL; O ld Ude
— L, p| iqg | — | wla 0 0 tg | + | Uge
i Lo ip 0 0 0 iD Ey

And Equation (53) can also be changed into voltage equations, which are shown by the
following equations,

Ugs = —Rgtq — Ldp’id + quiq + Uge (54)
Ugs = —Ryiy — Lypiy — wLliq + tge (55)
Uup = —(RLQ + Rs>iD — LgpiD -+ E() (56)

4.4. The switch equation of PWM rectifier /inverter’s electrical energy and
converter device. According to Equations (39) and (45), we can obtain the following
equation,
U, = K~ (0)Usys = SYpcpVoe (57)
Define
Sy =K(®)S{sep=1[5 S¢ Sp]" (58)
where Sy is switch equation of d axis and S, is switch equation of ¢ axis. Then, we can
get the switch equation based on Equation (37).

Sdzg {SAsinHjLSBsin (0—%) + Sc sin (94‘2%)1 (59)
qug {SACOS@-FSBCOS (9—%) + Sc cos (9+2§>] (60)

Therefore, the switch equation of PWM rectifier /inverter’s electrical energy and con-
verter device can be obtained based on Equation (21) and the above equations,
1A
B
ic (61)
ip

=[Sa Sg So Sp | K"(0)1s4 = S}, 14

Saia+ Spip + Scic + Spip=[ Sa Ss Sc¢ Sp |



VECTOR CONTROL MODELLING OF VEHICLE 1025

5. Simulation of V2GCDC. A simulation model of V2GCDC is established, and is
shown in Figure 4, and the simulation results of charging are shown in Figures 5 and 6.
According to Figures 5 and 6, we can find that the controlled voltage is consistent with
the given voltage value. And a phase of voltage and current at the side of power grid is no
difference, so the transmission power factor of the converter is 1. The simulation result
of the phase current of harmonic analysis with charging is shown in Figure 7, where, we
can find that the total current harmonic distortion (TCHD) rate is 0.07%.

I

LC Filter ]

n g +
A STy al—sla A A
Oie o B sy
c ==|Cv agl—=|C C c -
10000V 30 MVA &2 81 Tr Three_Level Bbr%ge:: m ﬁ

Charge or Discharge
module(Buck)

Discrete,
Te=1e-0052

0 = Stop pulsing

FIGURE 4. Simulation of the V2GCDC
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FI1GURE 5. Simulation result of charging
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FI1GURE 6. Phase of voltage and current at the side of power grid in charging
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FIGURE 7. A phase’s current of harmonic analysis in charging
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FicURE 8. Simulation result of discharging
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FiGURE 9. Phase of voltage and current at the side of power grid in discharging

Simulation results of discharging are shown in Figures 8 and 9. From Figures 8 and 9,
we can find that controlled voltage is consistent with the given voltage value. And the
phase of voltage and current at the side of power grid is no difference, so the transmission
power factor of the V2GCDC is 1 in discharging. The simulation result of a phase’s
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F1cURE 10. A phase’s current of harmonic analysis in discharging

current of harmonic analysis with discharging is shown in Figure 10, where we can find
that the total current harmonic distortion (TCHD) rate is 1.56%.

6. Conclusion. A new type of main circuit topology and control strategy about V2G-
CDC is investigated, which is based on three-phase active reversible PWM rectifier using
space rotation vector method. The controlled Dual-Buck of charging and discharging
topology in Dual-DC/DC converter is studied. In order to improve efficiency of V2GCDC,
its main circuit is non-isolated group mode, which suits for high DC voltage battery pack.
PWM rectifier uses three-phase structure in power grid side, and the section of DC/DC
converter uses Dual-Buck reversible charging and discharging converter, so DC energy can
flow in two directions. With scheduling instructions of smart grid, the battery group can
be charged from power grid, and DC energy of the battery group can also be discharged to
power grid through grid-connected inverter. Grid-connected PWM rectifier /inverter has
two characteristics, one is constant voltage source in rectifier charging, and the other is
constant current source in discharging to power grid. PWM rectifier uses rotation oriented
method of synthesized voltage vector, which achieves unity power factor to improve the
input current waveform. PWM rectifier/inverter topology and control strategy can be
used in two-way flow of electricity, thereby controlling in two-way trend of bilateral AC and
DC V2G needing. The Euler-Lagrange method is used to analyze the dynamic process and
control strategy of V2GCDC. Meanwhile, it analyzed the front PWM converter /inverter
mathematics model and the two-way DC/DC converter to find their same characteristics.
And it is established a uniform mathematics model of V2GCDC, which can be used in
simulation and control process.
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