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Abstract: Development of high-frequency-isolated DC-DC converters is underway for charging and
discharging electric vehicle batteries. As a charger, a Single Active Bridge (SAB) converter, which is
composed of a primary full-bridge converter, a high-frequency transformer, and a secondary full-
bridge diode rectifier circuit, has been proposed as a unidirectional high frequency isolated DC-DC
converter. In this paper, as a simple circuit configuration, a Secondary-Resonant Single-Active-Half-
Bridge (SR-SAHB) converter, in which the primary and secondary circuits of the SAB converter are
both half-bridge circuits, and a resonant capacitor connected in parallel to each secondary diode,
is created. Due to the partial resonance on the secondary side, power transmission with unity
transformer turn ratio and unity voltage conversion ratio can be realized, and a high total input
power factor of the transformer can be achieved. As a result, the maximum voltage and current of
the switching devices and the transformer voltage can be reduced. Moreover, soft switching in all
commutations can be realized. The operation waveform is analyzed, and output power control is
derived using the variable frequency control method. The effectiveness of the proposed SR-SAHB
has been verified by experimental results using a 2.4 kW 20 kHz, 265 V laboratory prototype.

Keywords: DC-DC converter; isolated converter; half-bridge; soft switching; unidirectional converter;
battery charger

1. Introduction

Development of high-frequency-isolated DC-DC converters is underway for charging
and discharging electric vehicle batteries. For bidirectional DC-DC converters, a dual-
active-bridge (DAB) converter, in which the primary and secondary single-phase full-
bridge converters are connected to a high-frequency transformer, has been proposed [1],
and the range of soft switching has been clarified [2]. In the DAB converter, the output
power can be easily controlled by the phase difference between the primary and secondary
voltages. Further, unity voltage conversion ratio can be realized under the condition of
unity transformer turn ratio, and a high total input power factor on the primary side of the
transformer can be achieved. Therefore, the DAB converter is widely used as a compact
and highly efficient converter [3].

A DC-DC converter using a half-bridge in the primary or secondary converters has
also been proposed as a simple circuit configuration for a DAB converter [4-6]. The similar
control and characteristics, which are same as the full-bridge DAB converter, can be realized
with the half-bridge DAB converter. It has also been proposed in order to employ the
half-bridge DAB converter as the power controller among three-ports [7], and to expand
the control range of soft switching by configuring the primary half-bridge in two parallel
configurations [8].

For power application that is employed only for charging the battery, a unidirectional
high-frequency isolated converter is used. As a unidirectional converter, a circuit in which
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the two switches on the secondary side of the DAB converter are replaced with diodes has
been proposed. The control method for the output power from the rated load to the light
load [9] and the control method according to the change of the voltage conversion ratio [10]
are described.

A unidirectional converter, in which the full-bridge circuit of the secondary converter
is replaced with a diode rectifier circuit and a reactor is installed in series between the
diode rectifier circuit and the output smoothing capacitor, has been proposed. This circuit
can realize unity voltage conversion ratio due to the current continuity of the reactor, and
can also increase the total input power factor on the primary side of the transformer. High
voltage diodes must be used due to the surge voltage generated by the reactor and the
parasitic capacitors of the rectifier diode. Circuit configurations with an auxiliary circuit
for suppressing the surge voltage have also been proposed [11,12].

An LLC converter has been proposed in which the full-bridge circuit of the secondary
converter is replaced with a diode rectifier circuit, and a capacitor is installed in series
with the transformer /leakage inductor in the primary circuit. A simpler topology for the
LLC converter is the half-bridge configuration [13]. In the LCC converters, the sinusoidal
current waveform of the transformer is obtained, and the soft switching is achieved by the
primary series resonant circuit between the installed capacitor and the leakage inductance.
Therefore, the transformer frequency is chosen to be close to the resonant frequency. For
the control of the output voltage and current, a dual half-bridge LLC resonant converter
with magnetic control has been proposed [14].

A single active bridge (SAB) converter has been proposed, in which the secondary
converter is replaced with a diode full-bridge rectifier circuit, and a smoothing capacitor is
directly connected to the rectifier circuit. High-efficiency experimental results using SiC
have been obtained [15]. A comparison of soft switching capabilities between SAB and
DAB converters has been clarified [16]. A method of reducing the loss by connecting a
capacitor in parallel with the primary switch has also been proposed [17].

In the configuration of the SAB converter, the operating waveforms are compared,
including a simpler circuit in which one or both of the primary converter and the secondary
diode rectifier are replaced with a half bridge [18]. With the configuration of the primary
full-bridge converter and the secondary half-bridge rectifier, the output DC voltage can
be controlled to twice that of the input voltage [19]. Detailed waveform analysis and
the response for the load change are clarified for a circuit with the primary half-bridge
converter and the secondary full-bridge rectifier [20]. Furthermore, an application circuit
that can expand the operating range of soft switching, and reduce the current ripple by
using two parallel primary half-bridges and phase-shift control is also proposed [21].

In the SAB converter, under the conditions of unity transformer turn ratio and unity
voltage conversion ratio, power cannot be sent since the secondary peak voltage of the
transformer is equal to the output DC voltage, and the diode does not turn on. As the
voltage conversion ratio of the SAB converter is designed as less than one, the total power
factor of the high-frequency transformer is low [1]. Since the primary voltage and peak
current are high values, the high-voltage and high-current switching devices and the
high-voltage transformer are then required.

The authors realized the unity voltage conversion ratio for the full-bridge configu-
ration of the SAB converter, and improved the total power factor of the high-frequency
transformer by connecting a resonant capacitor in parallel to each of the secondary diode
to configure a series LC resonant circuit on the secondary side. As a result, the maximum
voltage and current of the switching devices and the transformer voltage can be reduced,
and high efficiency is obtained [22]. Furthermore, the output power control has been
proposed [23].

This paper presents a secondary resonant single-active half-bridge (SR-SAHB) DC-DC
converter in which both the primary and secondary circuits are in the half-bridge configura-
tions of the SAB converter with the secondary resonant circuit, as shown in Figure 1. Since
the partial resonance occurs at the commutations of the secondary diodes, the resonant
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frequency is designed much higher than the rated transformer frequency. The proposed SR-
SAHB converter can also realize soft switching in the primary and secondary circuits, unity
voltage conversion ratio, and high total power factor of the high-frequency transformer. As
a result, the maximum voltage and current of the switching devices and the transformer
voltage can be reduced. The analysis of the operation waveform and circuit design method
are derived. Furthermore, the output power control by changing the transformer frequency
is proposed. The effectiveness of the proposed SR-SAHB converter has been verified by
experimental results, using a using a 2.45 kW, 20 kHz rating laboratory prototype.
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Figure 1. Proposed unidirectional secondary-resonant single-active-half-bridge DC-DC Converter.

2. Conventional Single-Active-Half-Bridge DC-DC Converter

Figure 2a shows the configuration of a conventional unidirectional SAHB DC-DC
converter. The SAHB converter is composed of a primary half-bridge converter, a high-
frequency transformer, and a secondary diode half-bridge rectifier circuit. The input voltage
2V}, is equally divided into two voltages of V;, by the series two capacitors Cy, and Cyp
(C1s = Cyp). The primary half-bridge converter is composed of two switches, R™ and
R™, with the parasitic capacitance C; in parallel. The output voltage 2V, is also equally
divided into two voltages of V,,: by the series two capacitors Cp,; and Cpp, (Caq = Cyp). The
primary side terminals of the high-frequency transformer T, with the leakage inductance L
connected to the output terminal of the primary half-bridge converter and neutral point
of the input capacitors. The secondary side terminals of the transformer T, are connected
to the input terminal of the secondary half-bridge rectifier of the diodes U™, U™, and the
neutral point of the output capacitors. The turn ratio of the transformer is expressed as
a = Ny /N, using the primary and secondary numbers of turns Nj and Nj.

Figure 2b shows the secondary equivalent circuit of the conventional SAHB converter.
The primary voltage component v (= v1/a), which is transformed from the primary volt-
age v; to the secondary side, is represented as the voltage across the secondary magnetizing
inductance of the transformer. The leakage inductance L is presented as the equivalent
value converted to the secondary side.

Figure 3 shows the voltage and current waveforms of the transformer in the steady
state of the conventional SAHB converter. The waveforms are calculated under the con-
ditions of unity turn ratio a = 1, the constant voltages of the capacitors Cy,, Cy;, Cz,4, and
Cyp, and the zero-magnetizing current of the transformer. The primary voltages of the
capacitors Cy, and Cyj are V},;, and the secondary voltages of the capacitors Cy, and Cy;, are
Vout- The primary half-bridge converter generates a rectangular AC voltage v1 (= v;’) with
the amplitude V;, and frequency fs(= 1/2Ts) by controlling switches RT and R~ with a
50 percent duty cycle. If the amplitude V;, of the primary voltage v;’ is equal to the output
DC voltage V,,; in Figure 2b, the secondary diodes U* and U~ cannot be turned on, and
no power is sent to the secondary side in the conventional converter. Therefore, the conven-
tional converter does not work at the unity DC voltage conversion ratio My = Vot / Vi, = 1.
In the voltage waveforms in Figure 3, the amplitude V;,, of the primary voltage v;" should
be higher than the amplitude V,,; of the secondary voltage v, for sending power. Thus, the
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transformer currents iy and i, flow by the voltage difference between the primary voltage
v1’ and the secondary voltage v;.
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Figure 2. Conventional unidirectional single-active-half-bridge DC-DC converter. (a) Circuit configu-
ration. (b) Secondary equivalent circuit.

When the rectangular AC voltage v; (= v;’) with the amplitude V;, is generated, the
analytical transformer current i, is derived. The following secondary voltage equation of
the transformer in Figure 2b is obtained:

vy = L% + 07 1)

The primary voltage v] = Vj, is given by the turn-on of switch R at the time t = t,
in Figure 3. Since the secondary current i, is negative, the secondary diode U~ is kept in
the “on” state and the secondary voltage v, = —V,; is generated. In Equation (1), the
primary voltage v’l = Vjy, the secondary voltage v, = —V,, and the current iy (t;) = —I,
at t = t, are given; the secondary current i (f) in the duration T, (t, < t < t;) is calculated

by the following equation:

i(t) = W(t_ta) L (ta<t<ty) @

The duration T, is obtained in Equation (3) by using the relation of the secondary
current ip(t,) = 0 in Equation (2):

L

T,=t,—tg=L—-+——
‘ b ‘ Vin"’VOHt

®)
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Figure 3. Voltage and current waveforms of conventional unidirectional SAHB DC-DC converter.

After the secondary current i, () becomes zero at the time ¢ = t;, the positive trans-
former current i, flows due to the positive primary voltage v} = V;, and the turn-on of
the secondary diode U*. Since the primary voltage vj = V;,, and the secondary volt-
age vy = Vyur in (1) are expressed, the secondary current ip(¢) during the duration
Ty (tp <t < t;+ Ts) is calculated by the following equation:

ip(t) = W(t —tp)(tpy <t < tg+Ts) @)

The duration Tj, is obtained using the half period Ts = T, + Tj, and the duration T, in
Equation (3) by the following equation:
T—T—T—T—LL (5)
b e Vin + Vout
The peak current I, is calculated in Equation (6) since the secondary current
ip(ts + Ts) = I, at the time t = t, + Ts = t, + T} in Equation (4):

Vin — Vi I V:-Vv2
i(ty +Tpy) = —m—_“out(p 0 ) _]] —=_in__“outp 6
2t ) L\ Vit Vo)~ 00T T2 ©
Substituting I, in Equation (6) into Equations (3) and (5), the durations T, and T}, are
obtained in Equations (7) and (8), respectively:

T %

T, =
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— Vin + Vout
2V
The output power Py is calculated from the secondary voltage v, = V,, and current
ip(t) during the half period duration t, < t < t, + Ts by Equation (9):

T, Ts ®)

1 [h+Ts (V2 = V2,) VouTs
Pt = [ Vouripdt = 2= 0 9
out T, i outt2 4LV, ( )
The effective value of the primary current I; is obtained as follows:
1 1 V2 -Va
L in out T. (10)

- [ = “in_ Tout
V37 V3 2LV, T

The primary total power factor TPF of the transformer is calculated in Equation (11)
by substituting the output power P,;; in Equation (9), and the effective values of voltage
Vi = Vi, and current I; in Equation (10):

Pout o \ﬁVout

TPF = =
Vil 2Viy

(11)

Table 1 shows a design example of the conventional SAHB and proposed SR-SAHB
converters. Table 1A indicates the specifications of the converter of P,,; = 2.45 kW,
2Vour = 265V, and f; = 20 kHz. Table 1B shows the designed parameters of the con-
ventional SAHB and proposed SR-SAHB converters. The designed parameters of the
conventional SAHB converter are the input DC voltage 2V}, = 362V, the voltage con-
version ratio M, = 2V, /2V;, = 0.73, the peak current [, = 37 A, and the total power
factor TPF = 0.63. Although the designed parameters of the proposed SR-SAHB converter
in Table 1B are derived in Section 4, the designed parameters of the proposed SR-SAHB
converter have been greatly improved compared with those of the conventional SAHB
converter. The input DC voltage 2V}, is reduced by 27% from 362 V to 265 V, and the
primary peak current is also reduced by 37% from I, = 37 A to I, = 23.3 A. The low-
voltage and -current switching device can be selected in the proposed converter. The
primary transformer voltage v1 = Vj, is also reduced by 27%. The small core size for the
high-frequency transformer can be selected in the proposed converter.

Table 1. Design example of conventional SAHB and proposed SR-SAHB converters on 2.45 kW
output power.

(A) Specifications

Output power Pyt 2.45 kW
Output voltage 2V, 265V
Turns ratio a 1
Leakage inductance L 28.4 uH
Transformer frequency fs 20 kHz
(B) Comparisons of Designed Parameters
Converter Conventional Proposed SR-SAHB
Input voltage 2V}, 362V 265V
Voltage conversion ratio M, 0.73 1.00
Peek current 37.0A 233 A
Effective current value Iy 21.7 A 21.5
Total power factor TPF 0.63 0.86

Resonant capacitor C, - 0.11 uF
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3. Proposed Secondary-Resonant Single-Active-Half-Bridge DC-DC Converter
3.1. Circuit Configuration and Operating Waveforms

The feature of the proposed unidirectional SR-SAHB DC-DC converter configuration
in Figure 1 is the resonant capacitors C,, which are connected to the secondary diodes U™
and U™ in parallel to the conventional converter in Figure 2. The series resonance of the
resonant capacitors C, and the leakage inductance L improves the voltage conversion ratio
My, and the total power factor TPF of the high-frequency transformer.

Figure 4 shows the operating waveforms in the proposed SR-SAHB converter under
the conditions of the unity turn ratio of the high-frequency transformer a = 1, the constant
voltages of the capacitors Cy,, Cy, Ca,, and Cypp, and the zero-magnetizing current of the
high-frequency transformer. The SR-SAHB converter achieves the unity voltage conversion
ratio M, = 1 (2Vj;, = 2V,ut). In Figure 4, the primary half-bridge converter generates
the rectangular AC voltage v1(= v;’), with the amplitude V, (= Vout) and frequency
fs(= 1/2T;), by controlling switches R and R~ with a 50 percent duty cycle. The sec-
ondary rectangular voltage v, with the amplitude V;,; is also generated. The secondary
voltage v, is lagged when compared with the primary voltage v;. The primary and sec-
ondary currents i; and ip of the trapezoidal waveforms are obtained. The secondary
currents i is rectified by the secondary diode half-bridge rectifier, and the rectified currents
iz and iy, flow in the secondary circuit.
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o
(98]
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Figure 4. Operating waveforms of proposed SR-SAHB DC-DC converter.
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3.2. Soft-Switching Commutation of Primary Half-Bridge Converter

In the commutations between switches R™ and R~ of the primary converter, soft
switching is achieved. Figure 5 shows the soft-switching modes of the primary half-bridge
converter from switch R~ to switch R,

In Mode 1-1 of Figure 5, switch R™ is conducting and the primary voltage v; of -V},
is given. The primary current i; of negative value —I, flows though the capacitor Cyy,
transformer, and switch R™. The voltages of the parasitic capacitances C; of switches R~
and R are zero and 2V, respectively.

Mode 1-2 in Figure 5 begins when switch R~ turns off. At the time, the zero-voltage
switching of switch R~ is achieved as the voltage of the parallel parasitic capacitances
Cs is zero. The primary current i; of negative value — I, flows through the two parasitic
capacitances C;. The capacitor voltages of switch R™ increases from zero to 2V}, and the
capacitor voltages of switch R decreases from 2V}, to zero. As the parasitic capacitor
voltages change, the primary voltage v; of the transformer changes from —V;,, to Vj,,.

Mode 1-3 in Figure 5 starts when the capacitor voltage of switch R reaches zero and
the parallel diode of switch R™ is turned on. The primary current i; increases toward zero.
Before the primary current i; reaches zero, the gate signals to turn on switch R is given.

Mode 1-4 in Figure 5 starts when the sign of the primary current i; changes to positive,
and switch R* is turned on. Since the voltages of switch R* and the parallel parasitic
capacitances C; are kept to zero, zero-voltage switching is achieved.

Vi

1-1 1-2 1-3 1-4
Mode

Figure 5. Soft-switching modes of primary half-bridge converter.

3.3. Operating Analysis of Secondary Diode Rectifier Circuit

Figure 6 shows the commutation modes from diode U~ to diode U™ of the secondary
diode half-bridge rectifier circuit in the proposed SR-SAHB converter under the unity
conversion ratio My =1 (2V;,;, = 2Vyut).

In Mode 2-1, the primary voltage v} (= V;/a) of —Vi,(= —V,ut) is given, and the
secondary current ip of negative value —I,, charges the capacitor Cy, through diode U™.
The rectified current 7, is the negative secondary current —i, = I,. The parallel capacitor
voltage of diode U~ is zero, and the parallel capacitor voltage of diode U™ is charged to
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the output voltage 2V;,;. When the primary voltage v} is changed from —Vj, to Vi, (= Vour)
at t = tp, the operation of the circuit changes to Mode 2-2.

v v “

=V, =1 C, C
OIS S J—f{,
T =0 T out
Mode 2-1
i o
I = la =1 ]
2,2 L Y g
+3 J+C Cra U* ":"E:OC' Co
i LY f}_zm .. ' 12 i
cL |
% T‘%MVT Cm TLT w, Vv ?_%M TT120.
Vin CL i [1Ca» (=Vin) -
=) U':it}oiﬁli’TV U
ZT out
Mode 2-3

Figure 6. Commutations of the secondary diode rectifier circuit.

In Mode 2-2 during the duration t; < t < t3, diodes U™ remains in the “on” state,
and the negative secondary current 7, increases to zero due to the positive primary voltage
v’l = Vi, = Vour. The rectified current iy is the negative secondary current —i;. When the
secondary current ip reaches to zero at t = t3, diode U™ turns off at zero voltage, and the
circuit becomes Mode 2-3.

In Mode 2-3 during the duration f3 < t < t4, partial resonance occurs for the com-
mutation from diode U~ to diode U™T. Att = t3, the parallel capacitor voltage of diode
U~ is zero, and the parallel capacitor voltage of diode U™ is charged to the output voltage
2Vout. The resonance between inductor L and the two capacitors C; occurs. The sinusoidal
secondary current i is obtained. Since half of the secondary current i, /2 flows through
each capacitor C, owing to the circuit symmetry property, the rectified currents i, = i /2
and i, = —iy/2 flow. When the parallel capacitor voltages of diode U™ and U~ become
zero and 2V, at t = t4, respectively, diode U™ turns on at zero voltage, and the circuit
becomes Mode 2—4. The primary and secondary voltages and currents in Mode 2—4 are the
opposite signs of those in Mode 2-1.

The equations of the waveforms during the half period Ts between Mode 2-3 and
Mode 2-5 are derived. In the proposed SR-SAHB converter in Figure 1, the voltage Equation
in Equation (1) holds.

In Mode 2-3, the following voltage equation is given by substituting the parallel
capacitor voltage across diode U™ and the voltage Vy,+ across the capacitor Cy, into the
secondary voltage v, in Equation (1).

o = L— = / 2t Vo (12)
fs

Substituting v} = Vou¢ and i (t3) = 0 into Equation (12), the secondary current i (t)
in the duration t3 < t < t4 of Mode 2-3 is obtained as follows:

. 2C, . t—t
zz(t)zzvom/T’sm\/% (t3 <t < tg) (13)
T

The secondary voltage v; is obtained using the secondary current i, () in Equation (13)
as follows:

diy t—1t3
vy(f) = 0y () = L= = Vour <1 —2cos m) (14)
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The secondary current i, and voltage v, in Equations (13) and (14) are sinusoidal
waveforms, as shown in Figure 4. Since diode U™ turns on when the secondary voltage
vy (t) reaches Vot at t = t4, Mode 2-3 is completed. The duration T5 in Mode 2-3 and the
amplitude I, of the secondary current iy (t4) are obtained from Equations (13) and (14) by
the following equations:

T3:t4—f3:g\/ﬁ (15)

In = ix(tg) = 2Vous ZTCV (16)

The rectified currents i, = ip/2 and i, = —ip/2 in Mode 2-3 are obtained as follows:
ig(t) = # = Vout ? sin \t/Z_Ttér (17)

ip(t) = 12§t) = —Vout 2? sin \t/Z_L% (18)

In Mode 24, since the primary voltage 0’1 = Vour and the secondary voltage v, = Vout
in (1), the constant secondary current i, (t) flows as follows:

. [2C
lz(t) =1, =2Vou Tr (f4 <t< f5) (19)

As diode U™ turns on the rectified currents i, = ip and i, = 0 in Mode 24, the
rectified current i, is expressed by the following equation:

2Cr
L

(tg <t<ts) (20)

Mode 2-5 begins at t = t5, when the primary voltage v} is changed from Vj, to
—Vin(= —Voutr) by commutating from the primary switch R" to switch R™. Substituting
the primary voltage vi = —V,ut, the secondary voltage v, = Vyy, and the initial current
ip(t5) = I, into Equation (1), the secondary current iy is obtained in Equation (21):

in(t) = 220 (1 15— 2IG) (15 <t <) 1)

When the secondary current ip(t¢) reaches zero, Mode 2-5 ends. The duration
Ts(= T») is obtained as follows:

Ts = Th = \/2LC, (22)

As diode U™ turns on the rectified currents i, = i; and i, = 0 in Mode 2-5, the
rectified current i, is expressed by the following equation:

ia(t) = in(t) = %(t b \/2Lcr) (ts < t < to) (23)

The duration T, of Mode 2—4 is calculated from the duration of T3 in Equation (15)
and Ts in Equation (22) as follows:

n:n-u-n:n-dua@+g) (24)
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The output DC current ;. is calculated by the average rectified currents i, and i,
during the half period T of the high-frequency transformer in Figure 4.

1 bt i, + 1, 2C, 14+ 7
The output power P,,; is obtained as follows:
2C 147
Pout = Voutlye = 2V2, L’ (1 -7 \/2LC,> (26)
S

The effective value of primary current I; is calculated as follows:

1 [tatTs 2C 2 7w\ V2LC
I =)= 2dt = 2V, i [P (e r 27
VT /t3 g ”“t\/ L { (3+ 4) T, } @7)

Substituting Equations (26) and (27), and V; = Vy,, into Equation (11), the total power
factor TPF of the proposed SR-SAHB converter is given in Equation (28):

1— %\/ZLC,
Vi-G+P B

3.4. Output Power Control by Frequency Variation

TPF =

(28)

Under the condition of the unity voltage conversion ratio M, = 1 (2V, = 2Voy¢), the
output power Py, in Equation (26) is a function of the half period Ts of the high-frequency
transformer. If the half period T; is shorter in Figure 4, the duration of Mode 2—4 is shorter,
and the output power P,,; decreases. The output power P,;; can be controlled by the
transformer frequency f; given by the following equation:

1

fs = 2T, (29)

The resonant frequency f, of the inductor L and the two capacitors C; is given in
Equation (30):
1
fom 5—eee
27t/2LC;

Substituting Equations (29) and (30) into Equation (26), the output power P,;; can be
derived as a function of the frequency ratio f;s/ f, in Equation (31):

2C 1 1
Pout = 2V Lr{l— (24'271);2} 31)

Figure 7 shows the output power P,,;, with respect to the frequency ratio fs/ f,,
based on Equation (31). The resonant frequency f, is determined by circuit parameters,
and is a constant value. The output power Py;; can be controlled by the transformer
frequency fs. In Figure 7, the output power is normalized as P,,; = 1 at the frequency ratio
(fs/ fo)=1/3.2. The maximum frequency ratio (fs/ fo),,,, is the condition, in which the
duration Ty of Mode 2—4 in Figure 4 is zero.

Moreover, the half period T is expressed as Ts = T, + T3, and the maximum frequency
ratio (fs/ fo)nay 1S given by the following equation:

(fs) _ V2GS 2m o
max

]To _2(T2+T5)_2-|-7‘[_

(30)

max

(32)
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The highest transformer frequency satisfying the output power P,,; in Equation (31)
is (fs/ fo)yay = 1.22. In Figure 7, the output power Pyt at (fs/ fo),0e = 122 can be
reduced to 0.23 of the rated output power P,,; = 1. When the frequency ratio is higher
than (fs/ fo) 0y = 1.22, the output power P, can be further reduced than that in Equation (31).

0.75 AN

05 AN

Pout

0.23

0 025 05 075 1 122
f
o

Figure 7. Output power characteristic with respect to the switching frequency of the transformer.

4. Design Example of Circuit Parameters

The design example of the circuit parameters for the proposed SR-SAHB converter is
derived below. Table 2 lists the specifications and designed parameters of the proposed SR-
SAHB converter as a laboratory experimental prototype system. The SR-SAHB converter is
designed with the rated specifications of the output power P,,; = 2.45 kW, output voltage
2Vour = 265V, input voltage 2V}, = 265 V, and transformer frequency fs = 20 kHz.

Table 2. Specifications and designed parameters of proposed apb converter.

(A) Rated Specifications

Output power Pyt 2.4 kW
Output voltage 2V, 265V
Input voltage 2V}, 265V
Transformer frequency fs 20 kHz
(B) Designed Parameters
Turns ratio a 1
Number of turns of primary winding 30
Number of turns of secondary winding 30
Frequency ratio fs/ fo 1/32
Leakage inductance L 28.4 uH
Magnetizing inductance L, 5.67 mH
Resonant capacitor C, 110 nF
Soft-switching capacitor Cs 10 nF
DC Capacitors Cy,, Cyp, Coq, Cyp 1500 uF

Because the input and output voltages are the same, the turn ratio of the high-
frequency transformer a is designed to be unified.
2V;
a4 = m
2Vout

=1 (33)

Because of the rated transformer frequency fs = 20 kHz, the half period T is given in
the following equation:

T; = 1 25 us (34)
2fs
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The resonant frequency f, should be designed to several times the rated transformer
frequency fs, as the proposed SR-SAHB converter operates with partial resonance. In the
prototype, the frequency ratio fs/f, = 1/3.2 is designed, and the resonant frequency f,,
and resonant angular frequency 1/+/2LC; are given in the following equations:

fo =32f; = 64 kHz (35)

1
V2LC,

The duration T3 of Mode 2-3 in Equation (15) and the duration T5 of Mode 2-5 in
Equation (22) are calculated as Equations (37) and (38), respectively:

=27f, ~ 4.0 x 10° rad /s (36)

Ty = g\/ZLCr — 392 s 37)
Ts = \/2LC, = 2.5 s (38)

The amplitude I, of the secondary current i; for obtaining the rated power P,;; is
calculated from Equations (16) and (26) as follows:

I = 2Voury/ 26 _ Pout =233A (39)
L Vom(1 - ”J\/chr)

2Ts

From Equation (39), the characteristic impedance /L/2C; is obtained by the follow-

ing equation:
L 2V0ut
\/ = =114 0 4
2C, In (40)

From Equations (36) and (40), the leakage inductance L and resonant capacitor C,

are designed:
L= +/2LCyy/ % =284 uH (41)
T

2
C, = 2LC, %/2 = 0.11 uF (42)

In the prototype, TDK transformer ferrite core PC40 is used for a high frequency
transformer with the leakage inductance L. The number of turns of the primary and
secondary windings is set to 30 for obtaining a large magnetizing inductance without flux
saturation at the lowest transformer frequency of 10 kHz. The magnetizing inductance
L;; = 5.67 mH is obtained. Further, in order to obtain the designed leakage inductance

= 28.4 uH, the overlap ratio of the primary and secondary windings is adjusted by trial
and error. The fundamental component I, of the magnetizing current at the rated condition

is calculated using the fundamental component of the primary voltage V; = (2/ \@n) Vin
in the following equation:

_ Vl _ Vin
27Tstm ﬁﬂzstm

The magnetizing current I;; can be neglected as the magnetizing current is small
enough, compared with the amplitude I, = 23.3 A of the primary current i; (= 7).

L

= 0.084 A (43)
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In the primary circuit of Mode 1-2 in Figure 5, the voltage of each soft-switching
capacitor C; is changed between 0 and 2Vj,,. Half of the primary current i; (= I,/a) flows
to the capacitor. Therefore, the duration Tj, of Mode 1-2 is obtained as follows:

_2GVy,
" 1,/2a

T12 (44)
By giving the duration of Mode 1-2 Ty, = 0.2 us, the soft-switching capacitor Cs is
designed as follows:
LTy
~ 4aV,
To compare with the characteristics of the conventional SAHB converter in Table 1B, the
characteristics of the proposed SR-SAHB converter at unity turns ratio 2 = 1 are calculated.
The effective values of the primary current I; = 21.5 A in Equation (27), and the total
power factor TPF = 0.86 in Equation (28) are obtained using 2V,,; = 265V, the leakage
inductance L in Equation (41), and the resonant capacitor C; in Equation (42). As mentioned
in Section 2, the proposed SR-SAHB converter can operate at the voltage conversion ratio
» = 1.00, and the peak current and total power factor TPF in Table 1B shows a significant
improvement, compared with that of the conventional converter.

Cs =88x10"? ~10nF (45)

5. Experimental Results

The behavior of the 2.45 kW SR-SAHB converter in Table 2 is verified by experiments.
The primary half-bridge is composed of two Cree C2M0040120D SiC MOSFETs, and the
secondary diode half-bridge is composed of two VS-UFL230FA60 Vishay Schottky diodes.
The inductor L = 28.4 uH is the leakage inductance of the high-frequency transformer.
The resonant capacitor C; is composed of two 55 nF capacitors in parallel. The dead time
Tjead = 0.2 us of the primary switches is used in the experimental circuit.

Figure 8a shows the experimental set up of the proposed SR-SAHB DC-DC converter.
The input DC voltage 2V;,, = 265V is obtained by rectifying the three-phase AC voltages of
60 Hz and 200 V using the three-phase full-bridge diode rectifier circuit. The regenerative
DC power supply pCUBE is used instead of the 265 VDC battery. The controller was
the PE-Expert 4 system using DSP TMS320C6657, and the DL850 Yokogawa was used
for measuring the voltage and current waveforms. The measured voltage and current
waveforms were obtained directly from the DL850 using the Xviewer software.

Figure 8. Cont.
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Figure 8. (a) Proposed SR-SAB DC-DC 265VDC/265VDC converter experimental setup; (b) Proposed
SR-SAB DC-DC 265VDC/265VDC converter electrical diagram; (c) Prototype of the SR-SAHB DC-DC
265VDC/265VDC converter.

Figure 8b shows the electrical diagram of the proposed SR-SAHB DC-DC converter
with the detailed descriptions of the circuit that has been presented above in Figure 8a.

Figure 8c shows the prototype of the SR-SAHB DC-DC converter with the half-bridge
circuit utilized from the 2 switches in the leading legs of the H-bridge circuit.

Figure 9 shows the experimental voltage and current waveforms during two periods
of the high-frequency transformer at f; = 20 kHz. The waveforms are the gate signal v¢ of
switch RT, input voltage 2V;, = 265 V primary voltage vy, secondary voltages vy, output
DC voltage 2V,,, secondary current iy, and output DC current iy.. According to the gate
signal v with the half period Ts = 25 ps, the primary voltage vy of the amplitude V;;, =133 V
and the frequency f; = 20 kHz are generated. The secondary rectangular voltage v; of the
amplitude V;;, = 133 V and the frequency fs = 20 kHz are obtained. The secondary current
ip flows by the difference between vi and vp. The amplitude of the secondary current iy is
the designed value of 23.3 A. The durations T, (= T5) = 2.5 us of Mode 2-2 in Equation (22)
and T3 = 3.92 ps of Mode 2-3 in Equation (15) are obtained. The output DC current I is
9.25 A. The experimental results are similar to the theoretical results.
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Figure 9. Experimental voltage and current waveforms at fs = 20 kHz.

Figure 10 shows the experimental voltage and current waveforms of the high-frequency
transformer at f; = 40 kHz. The order of the waveforms shown in Figure 10 is the same
as that in Figure 9. According to the gate signal vg with the half period T; = 12.5 ps, input
voltage 2V}, = 265 V, the primary voltage v; of the amplitude V;, = 133 V and the frequency
fs =40 kHz are generated. The amplitude of secondary current I, = 23.3 A, the durations
T, =2.5 ps of Mode 2-2 in Equation (22) and T3 = 3.92 ps of Mode 2-3 in Equation (15) are
the same as in Figure 8. The duration of Mode 2—4 is shorter than that in Figure 8. As a
result, the average output DC current I, is reduced to 6.8 A.

Figure 11 shows the experimental voltage and current waveforms of the high-frequency
transformer at f; = 80 kHz. The order of the waveforms shown in Figure 11 is the same
as that in Figure 9. According to the gate signal v, with the half period Ts = 6.25 us, input
voltage 2V;,, = 265V, the primary voltage v; of the amplitude V;,, = 133 V and the frequency
fs = 80 kHz are generated. The amplitude of secondary current I, = 23.3 A, the durations
T = 2.5 ps of Mode 2-2 in Equation (22) and T3 = 3.92 us of Mode 2-3 in Equation (15) are
the same as in Figure 9. The duration of Mode 2—4 is 0 ps. As a result, the average output
DC current I, is reduced to 1.8 A. In the light load, since the amplitude of the secondary
current is large, the stable soft switching is achieved.

Figure 12 shows the experimental characteristics of the output power P,;; versus the
frequency ratio fs/ f,. When the transformer frequency f; varies from 10 kHz to 78 kHz,
the output power P,; decreases from 2750 W to 550 W, and the characteristics coincide
with the theoretical linear line in Equation (31). The output power Py,; can be regulated
over a wide range by adjusting the frequency ratio fs/ f, from 0 to 1.22.
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Figure 10. Experimental voltage and current waveforms at f; = 40 kHz.
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Figure 11. Experimental voltage and current waveforms at f; = 80 kHz.

Figure 13 shows the efficiency of the converter for the output power range. The input
and output powers are measured using a power analyzer (WT1800, YOKOGAWA). A
maximum efficiency of 97.3% is achieved at Pp,; = 2750 W with the transformer frequency
fs = 10 kHz. At the rated output power Py, = 2.45 kW and the transformer frequency
fs = 20 kHz, the measured efficiency of the circuit is 96.3%. At a low output power,
P,y+ = 550 W and when the transformer frequency fs = 78 kHz, the efficiency is 91.5%.
When the transformer frequency f; increases from 10 kHz to 78 kHz, the efficiency decreases
owing to the reduction in the output power, and the increase in the switching loss and iron
loss of the transformer with a higher transformer frequency.
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Figure 12. Characteristics of output power Py,;; versus switching frequency ratio fs/ f,.
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Figure 13. Efficiency versus output power characteristics.

The high efficiency can be obtained at the rated output. Therefore, the proposed
converter is suitable for battery chargers, since the main operation of battery charging is
constant power charging at rated power.

6. Conclusions

This paper presented a unidirectional secondary-resonant single-active-half-bridge
(SR-SAHB) DC-DC converter using a high-frequency transformer. The analysis and circuit
parameter design of the proposed SR-SAHB converter were clarified. The proposed SR-
SAHB converter achieved soft-switching at all commutations, unity voltage conversion
ratio, and the high total power factor of the high-frequency transformer. A control method
for the output power using the transformer frequency was proposed. The characteristics
of the proposed SR-SAHB converter were verified by theory and experiments using a
laboratory prototype with an output power of 2.45 kW, transformer frequency of 20 kHz,
and output DC voltage of 265 V.

The characteristics of the proposed converter for varying the voltage conversion ratio
will be clarified in the near future.
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