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Abstract

This paper explains a procedure on how to select resonant circuit components of a unique direct three-
phase to single-phase AC/AC converter for a contactless electric vehicle (EV) charger. The topology
has a fewer bi-directional switches than a matrix converter and consists of a resonant circuit to utilize
a zero-current switching (ZCS) mechanism. The selection goal was to realize a working prototype that
does not violate each electrical component’s limitations as well as has a low resonant damping ratio since
the switches are driven based on a resonant current. Selection methods were based on graphical analysis
of damping factor, resonant frequency, and primary circuit voltage and current characteristics derived
from dynamic and steady-state models. Simulation results are then presented to validate the selection
procedures.

Introduction

Contactless Power Transfer (CPT) system through an inductive coupling mechanism usually consists
of primary and secondary pick-up circuits. The main purpose of its usage is to remove direct wire
connections which leads to reliability, mobility, and safety improvements. The system can be used as
an EV charger to improve EV’s charging experience that can increase EV’s popularity [1]—[3]. In an
environment where only a three-phase AC source is commonly used, it is beneficial in terms of size and
cost to use a matrix converter in the primary side of the circuit due to an absence of rectification stage
that involves a bulky and expensive DC capacitor. However, the converter has a lot of switches and is
using a hard-switching principle that can increase its cost and reduce its lifetime [4].

In [5], the authors proposed a direct three-phase to single-phase AC/AC converter topology for a contact-
less charger. The converter has a lesser number of bi-directional switches than the matrix converter and
it operates using a resonant circuit. In [6], the authors proposed a different modulation strategy which
is based on current oscillation to drive the direct converter. The strategy is based on injection and free-
oscillation modes which were previously introduced in [7] and [8]. Since the switching of the converter
is based on a primary resonant current zero crossing, the current must have a low damping ratio value.
High damping ratio leads to a termination of the resonant behavior and will stop the converter operation.
From a practical point of view, each component’s voltage and current limitations must also not be ex-
ceeded. Therefore, a resonant circuit components selection based on dynamic and steady-state models is
needed to fulfill the requirements.



A direct AC/AC converter topology and its basic working principle are described briefly in the next
section. Derivations of required converter models are given afterwards. Selection method of a proper
value for each resonant circuit component is discussed based on the models. Some graphs and analysis
from MATLAB and PLECS are presented to verify the method on ideal converter operation. Finally,
conclusion of the paper is given.

Circuit configuration

Converter topology is given in Fig. 1a. The primary circuit side contains three bi-directional switches Sa,
Sb and Sc connecting three-phase input to a series resonant circuit consisted of inductor L, and capacitor
Cp. The switches will be used to inject resonant current during the period of maximum absolute value of
the input voltages with respect to the neutral line which can be described by:

Max(v) = Max([va(®], [v®], [ve(®)]). 1)

This mode will be called an injection mode. On the other hand, Sd switch pair will be utilized in a
free-oscillation mode to keep the current oscillating in the resonant circuit [6].

Primary circuit side

S d. ircuit sid .
va(t) econdary circuit side lp(t)
Secondary _’
L | ickewp _—,—f Vo(t)
ircuit
vb(t) Voltage T C
Sensors :
1
ve(t) i R,
1
1 A H . .
]
1 sx(t) 1 1 H _ 2
Ve w0} a ) Lo 3has sk
Controller 1
1
(S Lt "
<4 M
(a) Topology (b) Equivalent circuit

Fig. 1: A Direct three-phase to single-phase AC/AC converter topology and its equivalent circuit.

Both modes (injection and free-oscillation) are controlled by an on-off current controller that receives
voltage and current information vx(t), vo(t) and i,(t) to produce sx(t) gate signals (all are marked by
dashed lines). Power is transferred from the primary to the secondary circuit through an inductive cou-
pling mechanism between inductor L, and Ls. Some possible current commutations of the primary circuit
are given in Fig. 2. Case 1 and 2 correspond to injection modes during Max(v) = v,(t) where v,(t) > 0
and v,(t) < 0 respectively. The positive sign of the primary current marks its flow to a resonant circuit,
while the negative sign indicates its flow to the source. Although the injection modes are demonstrated
with only one input phase, the concept is still valid for the other inputs. Free-oscillation mode is de-
scribed in Case 3 and 4 where the resonant current oscillates in the resonant circuit. Only one of Sd
switch pair is connected in each case. Two switches from different pairs with opposite signs (4 and —)
must not be turned-on at the same time to prevent short circuit. Both injection and free-oscillation modes
will be used to control the primary current which leads to a controlled secondary current [6].

At a starting phase of the converter, an initial injection (step input) must be applied to one of the input
switches (Sa, Sb, or Sc) at a Max(v) value to start the primary current oscillation. Once the current
cross a zero level, a normal operation will be carried out which is illustrated in Fig. 3. It can be seen
that during Max(v) = vp(t), only Sb+ and Sd— switches that are operational. The switching transitions
between injection and free-oscillation modes are utilized at zero crossings of primary current i,(t) to
minimize power loss, therefore the switching frequency is equal to the system resonant frequency. A
complete explanations of the topology, starting and modulation strategies are given in [6].
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Fig. 2: Possible current commutations of the AC/AC converter.

Mathematical model

The resonant circuit components selection is based on dynamic and steady-state models. The models
are obtained using an assumption that the converter is running at the Max(v) duration given in (1) with
an open-loop control configuration. During this period, only one input phase is used and it is running a
successive injection and free-oscillation modes continuously, therefore the primary side can be simplified
to a voltage source connected to a series RLC circuit and magnetically coupled to the secondary side.
The equivalent circuit is illustrated in Fig. 1b. All passive components are also assumed to be ideal and
R is used to represent a rectifier and a resistive load Ry, based on a fundamental harmonic analysis given
in [9]. Capacitor and input voltages are represented by vep(t) and vi,(t) respectively. R;, and Ry represent
primary and secondary coil resistances while i, and i; indicate primary and secondary circuit currents.
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Fig. 3: Switching actions illustration of the AC/AC converter.



Dynamic model representation

A set of ordinary differential equations describing the equivalent circuit in Fig. 1b can be written as
follows,

L v =",
. . . T
2. vin() = vep(t) + ip(ORy + Lyin(t) — Mi(0), vm(t):{MaX@) i 0<isy
3. 0= is(O(Rs + Req) + Lsis(t) — Miy(0), 0 it 3<ts<T,
4

M = k\/L, L,

where M is a mutual inductance and k is a coupling factor that depends on a distance between primary and
secondary coils. T is an input voltage switching period which equals to the primary current’s oscillation
period. The input line voltage frequency is assumed to be much smaller than the switching frequency, as
aresult, Max(v) can be approximated by a constant during 0 < t < % Therefore, viy(t) can be considered
as an ideal square wave.

To form a state-space for a dynamic analysis, the second and third equations in (2) are inserted to each
other to produce,

i) = [stina) — Lyvep(t) — RoLip(t) — M(Ry +Req>is<t)} : 3)

LyLs — M2
: 1
i) = T [Mvin(t) — Mvep(t) — MRyip(t) — Ly (Ry + Req) is(t)} . (4)

The state-space is formed using (3), (4) as well as the first equation in (2). The form is given below,

. 1
ch(t) 0 G 0 ch(t) 0
.0 _ L _ RPLS _ M(RS+RCCI) . Ls
i) | = | TLL-M? T LM LyL—M? i) | + | Iz | Vin(D- (6))
Lo _ M _ MRp _ Lp(Rs+Req) ; L
is(t) LL—M? LL—M? LL—M? is(0 LyLs—M?
A B

Dynamic model solution

A damping ratio can be calculated from a characteristic equation of (5), but for a completeness purpose,
the model will be solved to obtain dynamic responses. By using a Laplace transform approach taken
from [10], the state equation can be solved through a matrix integration given in the following form,

ch(t) ch(o)
ip(®) | = A ip0) | + /0 ACTYBy (T)dT, A= L7 (sI-A)7Y). (6)
is(t) is(0)

Matrices A and B come from equation (5). The exponential term can be obtained through an inverse
calculation of (sI - A) prior to applying an inverse Laplace transform as given below,

_1  adj(sI—A)
[-A) =" 7
(1-A) == )
ST-A| =5+ RpLs+ Ly(Rs + Regq) 2 Rp(Rs+ Req)Cp + Ls (Rs+Req) 7 ®
LpLs—M? Cp(LpLs — M?) Cp(LpLs +M?)
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The determinant equation in (8) can be represented in its factored form through an analytical method
given in [11] or numerically using a MATLAB software. If each root is assumed to be in a complex form
of,

si = —b; —]jci, i=1,2,and 3, (10)

where b; and c; represents real and imaginary number of i™ root, the determinant in (8) can be represented
generally by,

‘SI—A| = (S—Sl)(S—SZ)(S—S3) = (S+b1 +jC1)(S+b2 +j62)(5+b3 +jC3). (11D

By performing a partial fraction expansion to a combination of equation (7), (8), (9) and (11), then
applying inverse Laplace transform, the exponential term in (6) becomes,

q)l’l(t) ¢1,2(t) ¢1’3(t) ¢m a(t) :(xm’nslz + Bm,nsl + Ymn oSt + (Xm,nS22 + Bm,nSQ + Ym.n ot
M=102100 02200 $23(t) | (s1=52)(s1=33) (s2—s1)(s2—53)
e = 1021 2.2 23 ’
03,1(1)  932(0  033(0) +

On.n83” 4 Bin.nS3 + Y ot
(s3—51)(s3—92)

(12)

where m and n subscripts mark row and column of the exponential matrix respectively. The dynamic
model solution in (6) thus becomes,

vp®] [0 0120 01307 [vep(®) oL1(t=1) 012(t-1) G1a(t-0] [ O

t
ip(®) | = 0210 0220 G230 | ip(0) | + /0 021(t=7) 022(t=7) 023(t=1)| | a7 | vin(D)elT.
O] 10310 020 0330] Lis© 031(t-1) 032(t-7) 033(t-7)] | i 5p

13)

Damping ratio

The damping ratio is defined as a ratio of an exponential decay frequency to a natural frequency ®, of a
second-order system. It characterizes a damped oscillation behavior of the system. In a third-order case,
the ratio can be obtained by separating its first and second-order parts. For the second-order part to have
an under-damped characteristic, Birkhoff and Mac Lane discriminant D of a cubic equation (in this case,
a characteristic equation based on (8)) which is given in [11] has D > 0 value. This leads to a single real
root and one pair of complex conjugate roots. D < 0 and D = 0 corresponds to all real roots. Roots of a



general second-order transfer-function given in [12] is in the form of,

51,2:_Cwniwn\/cz_1> (14)

where C is the damping ratio. Therefore, for an under-damped third-order system, the ratio can be
calculated as follows,

¢ [Rels,)| |~ Con

|| Wy

5 15)

in this case, s, is one of the roots belong to a second-order part of the characteristic equation of (8) [11]
[12].

Circuit characteristics

A steady-state analysis of a circuit in Fig. 1b involves a set of equations given below,

. .. . .. (16)
0 = isReq +i5jOLs +isRs — ipjoM,

{ V= e +ipioLy +ipR, — ijoM
M is given in (2). The value of V in open-loop mode depends on the switching frequency and is derived
in [6]. A RMS value of V¢ will be used for steady-state calculations. Both equations in (16) can be
combined through an elimination of either is or i to produce current expressions given below,
V.
ip = : (17)

(DZMZ(Req+RS) . 1 W3M2L, )
Rp + 2Rt 71| OLp — 06, ~ SRy 1R

Vs
1 . . '
} |:Rp+m +](DLP} —joM

(18)

iS = -
Rs+Req+j0Ls
joM

During a resonant period, this equality condition applies due to an absence of the imaginary part in (17),

1 3 M>Ls
0oL, — = : , (19)
P 00Cp  @FL2+ (Req +Rs)?

where )y is a resonant frequency of a coupled system between primary and secondary sides. During this
condition, the primary and secondary currents become,

; B Vi ; B Vs
p(res) — R+ M2 (Reg+Ry) ° SUS) T R 1T GRLM(RotReq) i QLM Ry(RiReg)—3M2T "
P @f L2+ (Req+Rs)? M (Rs+Req)> +ajL2 (Rs+Req)> +a5L2 oM
(20)
Primary capacitor and inductor voltages during resonance are given as follows,
Vep = By j@oMi Q1)
Cp — ) Lp — JW0Lplp(res) — JW0M s(res)
JwOCp

Components selection

The main goal for the components selection is to build a working prototype by considering each reso-
nant circuit component’s limitations and a primary current damping behavior. The selection will only be
applied to passive components involved in the converter. Selection method will be based on a graphical
analysis of several circuit configurations. It is assumed that maximum primary and secondary coil resis-



tances are 0.3 Q. The input line voltage amplitude is set to 100 V and a ratio of primary and secondary
inductances is fixed to one. The components selection step-by-step is briefly introduced as follows:
1. The highest value of a coupling factor (k) is obtained based on a damping ratio ({) graphical
analysis.
2. The lowest value of a k is chosen qualitatively according to a maximum primary current limitation.
3. Resonant frequencies relative to both k are plotted. By using the results, L, /C, ratio and C, value
are selected by taking into account gate driver frequency limit, component’s market availability
and inductor physical size.
4. Primary circuit components’ voltage graphs are used to make sure that the primary capacitor and
inductor voltage limits are not exceeded.

Damping ratio analysis

At a starting phase as well as a normal operation of the converter, a { that is very close, equals to or
greater than one due to k variations, leads to a sudden stop of the converter. The effect will be shown
in Simulation results section. Therefore, the k range needs to be limited. Plots of { against a secondary
circuit resistive load Ry, for different k are shown in Fig. 4.
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Fig. 4: Damping ratio graphs of the AC/AC converter with different coupling factors. For k = 0.95, the
y-axis maximum value is set to one for a clarity purpose.

It can be seen from the right graph of Fig. 4, k = 0.95 produces { values that reach one for each L,/C,
ratio. { > 1 corresponds to D < 0 of the system’s characteristic equation. To make sure the ip(t) sustains
oscillation for a certain period of time, a maximum value of { = 0.5 is randomly chosen for all circuit
configurations. This leads to a selection of k highest value to be knax = 0.83 (as shown in the left graph
of Fig. 4). A quantitative kn,x selection based on resonant current settling time and current transducer
noise levels will be investigated in future publications.

Primary circuit current analysis

A LEM CASR-6 current transducer was chosen to measure the primary current. Since, it only has a
measurement range from -20 A to 20 A, the maximum value of a primary resonant current is set to
Imax = 14 Arms. The plots of ipes) With respect to Ry are presented in Fig. 5. From two graphs, at the
same Ry value, a lower k corresponds to a higher value of the current amplitude and vice versa. A value
of kmin = 0.55 is then randomly chosen to be the lowest value which makes two plot lines correspond to
Ly/C, = 1000 and L,/C, = 10000 lie under I for certain load ranges. The ranges are approximately
11.71 Q < Req < 125.6 Q for kpin = 0.55 and 4.63 Q < Req < 303 Q for kpax = 0.83. A quantitative
selection of ki, according to application distance will be studied in the future.

Resonant frequency analysis

The converter input switching frequency is based on a primary current resonance. The value must be
chosen based on available gate driver circuits in the market. Power Integrations 2SC0108T was selected
due to its affordable price and ease of integration to the main circuit. It has a maximum switching fre-
quency of fi.x = 50 kHz, therefore the resonant frequency under any condition must be below f.x. Plots



of the frequency against primary capacitor values based on (19), when R, =0 Q, are shown in Fig. 6.
The lowest Ry corresponds to the highest separation between two coupling factor resonant frequency
plots.

Primary circuit current plot Primary circuit current plot
(k =0.55,Rp=0.3,Rs =0.3, Ls/Lp=1) (k=0.83, Rp=0.3,Rs =0.3, Ls/Lp=1)

200 200

Lp/Cp =10 Lp/Cp =10
— = Lp/Cp=100 = = Lp/Cp =100
...... Lp/Cp = 1000 TTTT =
L I p/Cp = 1000
150 [ mmm L p/Cp = 10000 150 === Lp/Cp = 10000

=
=}
S
=}
=3

23
=)

Primary circuit current (ARMS)
(3]
o

Primary circuit current (ARMS)

0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Resistance (2) Resistance ()

Fig. 5: Primary current graphs under resonance condition.

At the same frequency, the capacitor value is much smaller in L, /C,, = 10000 case compared to L, /C,, =
1000. This leads to a large size of inductor used in both primary and secondary circuits. Thus a ratio of
L,/C, = 1000 is selected. A capacitance of 0.2 uF and an inductance of 200 uH are finally chosen for the
resonant circuit. The resonant frequencies of the arrangement with respect to kp,in and kpyax are shown by
small red squares in Fig. 6.
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Fig. 6: Resonant frequency graphs of the AC/AC converter when R, and R; are 0.3 Q.

Primary circuit voltages analysis

Capacitor and inductor voltages during resonance under the chosen operational condition must be below
their stress limits. This can be investigated through a graphical analysis of the voltages with respect to
different Ry, values. The graphs are presented in Fig. 7. For a capacitor case, a series connection of ten
2 uF capacitors with each voltage rating of 1000 V can sustain the voltage level at load ranges selected
in Primary circuit current analysis. For the inductor, a planar type will be used in the future, therefore
the voltage limit depends on coil’s number of turns.

Simulation results
High damping ratio

To show the bad effect of a high value of {, PLECS software was used. The circuit used in the simulation
is based on Fig. 1a, but in this case, the secondary circuit rectifier and load are converted to an equivalent
resistance Req. The converter was set to operate in an open-loop arrangement (successive injection and
free-oscillation modes) with £ =0.908. The zoomed version of the results are given in Fig. 8. On the
left graph, the red ellipse points successive injection switches at an input transition from Max(v) = v,(t)
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to Max(v) = —v.(t). The phenomenon makes the primary current remains oscillating although its shape
is skewed. On the right graph, red ellipse indicates successive free-oscillation phases at a transition
between Max(v) = —v.(t) to Max(v) = vp(t) that leads to a sudden halt of a current oscillation. The
converter switches are toggling at current zero crossing, therefore in an ideal case, a { very close to one
will make the current heavily damped and will take a long time to cross the zero level. In a practical
case, it may stop the converter operation. It is apparent that a combination of Ry and { that produces a
critical or over-damped situation must be avoided.
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Fig. 8: Simulation results for a high  case. Ve, indicates a voltage over a resonant circuit.

Low damping ratio

PLECS simulation results with configurations from the components selection method is shown in Fig. 9.
In this case, the k is changed to 0.55. The data is taken for two periods of input line voltage cycle.
Since the switching frequency is much higher than the input line frequency, the switching actions of
Sd— and Sd+ as well as primary current oscillation cannot be seen clearly. The RMS values of voltages
and current from simulation results were taken directly from PLECS scope. A comparison between
simulation and analytical calculations is also given in Fig. 9. The analytical results are taken from data
points in Fig. 5 and 7 marked by small red squares. The differences are due to an approximation of Vj
(steady-state input voltage) mentioned previously in Mathematical model section. From approximately
25 ms onwards, there are current spikes at every transition of input source voltage (one of them is marked
by a red ellipse). The spikes are caused by successive injections that produce a current boost at that point
as was explained previously in High damping ratio case. The spikes also affect primary capacitor and
inductor voltages.
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Fig. 9: Simulation results for a low { case. V;¢ indicates a voltage over a resonant circuit.
Conclusion

A components selection of a unique direct AC/AC converter for a contactless EV charger has been
demonstrated in this paper. The method is based on dynamic and steady-state analyses of its resonant
circuit. Since the converter is using a resonance principle, the method will help a designer to avoid a
combination of a coupling factor and a load that can stop its operation. The method will also make
sure, the converter is working under components’ stress limits. Current settling time, transducer’s noise
level and air-gap distance will be studied in the future and included in the selection method. A working
prototype of the converter is currently being built. A practical realization will be reported and analyzed
in future publications.
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