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Abstract—Series resonant DC-DC converter with clamped
capacitor voltage exhibits excellent characteristics in forward
operating mode including simple control, high reliability, soft
switching, high power density and inherently limited load fault
current. However, the conventional single angle phase-shift
modulation that works well in the forward mode cannot reverse
the power flow. In this paper, we propose a modulation strategy
for reverse mode operation by utilizing three phase-shift angles
afforded by the two active full bridges of the circuit. We identify
the optimal modulation trajectories in three-dimensional
modulation space and implement a look-up table based
modulator for power flow control. A high-fidelity simulation
model of a 35kW 750V input, 300V-600V output, SOkHz IGBT-
based converter was used for verification. The proposed
modulation scheme and efficiency calculations were validated on
a scaled down (15kW) prototype. The power loss distribution was
analyzed for further converter efficiency optimization.

Index Terms—Bidirectional DC-DC power converters, energy
storage, look-up table, phase modulation, resonant converters.

I. INTRODUCTION

ITH THE INCREASED USE of energy storage devices

in a variety of applications, there is a growing need of
bi-directional power conversion. The applications of particular
interest are electric vehicles [1]-[6], electric vehicle charging
infrastructure [7], renewable power generation systems [8]-
[10], hybrid power sources [11]-[13]. Particularly challenging
are the applications where the energy storage system voltage
varies substantially during normal operation as it does for
batteries, supercapacitors or fuel cells [14]-[15]. In most
applications, high power conversion efficiency is required for
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Fig. 1: Conventional high power bi-directional DC-DC converters:
(a) voltage-fed and current-fed full bridges, (b) dual active full bridges.
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all operating conditions.

A number of transformer isolated bi-directional DC-DC
converters have been considered for high power applications
[16]-[28]. One of the reported topologies is the voltage-fed-
input and current-fed-output full-bridge converter, shown in
Fig. 1 (a). In this figure V, represents the high voltage stable
DC bus, while V, represents a wide-voltage-swing energy
storage system. In the proposed circuit, an auxiliary clamping
circuitry is necessary to limit the voltage stress of components
in the current-fed side due to the leakage energy of the high
frequency transformer. Voltage clamping can be achieved
using an active clamping circuit in Fig. 1(a) [19], RCD
snubber [20] or lossless snubber [21]. Further investigation
indicates that the current-fed side components still suffer high
voltage stress, especially with wide voltage range.

The dual active bridges (DAB) DC-DC converter, shown in
Fig. 1 (b), is another widely used isolated bi-directional DC-
DC converter [22]-[24]. Conventional modulation strategy
uses the phase shift between the two full bridges to control the
direction and amplitude of power flow. However, the optimal
operating range is limited, making it unsuitable for wide
voltage range applications. Advanced modulation strategies
improve the DAB performance [25]-[28].

The power stage of the transformer-isolated, Clamped
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Fig. 2: The power stage of the bi-directional phase-shift controlled series
resonant DC-DC converter with clamped tank capacitor voltage (CC-SRC).

Capacitor voltage, bi-directional Series Resonant dc-dc
Converter (CC-SRC) is shown in Fig. 2. It is a fixed-
frequency phase-shift-controlled series resonant converter. Its
forward mode characteristics are well described by applying
the numeric simulation method [29]-[33]. In forward mode,
four clamping diodes D9-D12 ensure the control of internal
voltage and current under various conditions of line and load.
The clamping circuit provides intrinsic current limiting
capability at load short-circuit. The maximum voltage stress of
resonant capacitor is limited to the input voltage and there is
no risk of damaging the capacitor at overload or short-circuit
conditions. Therefore, the converter reliability is greatly
enhanced even when the feedback signal is lost. High
efficiency and ZVS are achieved in the wide voltage and load
range [29]. At light load, ZVS can be maintained with
auxiliary switches and inductors [31]. There is little
circulating current at light load and the CC-SRC is ideally
suited for wide voltage power conversion.

Despite the excellent forward mode characteristic of the
CC-SRC, reverse mode operation is quite challenging. The
simple phase-shift modulation of the secondary side full-
bridge switches S5-S8 cannot reverse the power flow from the
secondary side to the primary side because series resonant
converter essentially steps down the voltage [34]. To reverse
the power flow, an advanced modulation strategy based on
controlling all three phase-shift angles is necessary.

In this paper the optimal trajectory in the three-dimensional
modulation space with three phase-shift angles is proposed to
reverse the power flow of the CC-SRC when wide output
voltage range is required. A scheme for reversing the power
flow of the CC-SRC was first proposed and experimentally
validated in [34] based on the design of experiment approach
since the analytical solution is not feasible for such a complex
circuit. This paper presents an alternative modulation scheme
that results in better efficiency at high input voltages. In
addition, we propose a closed loop control strategy based on
the control of a virtual phase-shift angle that is the amalgam of
three actual control variables.

The remainder of this paper is organized as follows. In part

TABLEI
SPECIFICATIONS AND RESONANT TANK PARAMETERS OF THE CC-SRC
Symbol Quantity Value
Ve input voltage 750V
Vas output voltage 300V-600V
P, rated power 35kW
s switching frequency 50kHz
N;:N;:N, transformer turns ratio 1:1:2
L, L, resonant inductor 11.6uH
C, resonant capacitor 0.9uF
1o characteristic frequency 36kHz
Z, characteristic impedance 5.2Q
On maximal load quality factor 2.5

II, the specifications of the CC-SRC and the power stage
parameters are described. In part III, the advanced modulation
technique to reverse power flow with low output voltage is
analyzed. Two strategies for selecting the modulation
trajectory with high output voltage are studied and compared
in Part IV. In part V, the reversed power flow control in wide
output voltage range is discussed. A look-up table based
modulator is used to simplify the power flow control. The
experiment waveforms for reverse mode operation with wide
output voltage are reported and compared with simulation
waveforms in Part VI. In addition, the efficiency of the
proposed converter is calculated for full load range and
verified at lower power level by experiment on a scaled-down
15kW prototype. Loss breakdown analysis is also conducted.

II. SPECIFICATIONS AND POWER STAGE PARAMETERS

The power stage of CC-SRC is shown in Fig. 2. The
transformer primary winding is split into two equal parts and
the turns ratio for two primary windings and one secondary
winding is N;:N;:N,. Four diodes (D9-D12) are added into the
circuit to clamp the maximum resonant capacitor voltage to
input voltage V., and to limit output fault current. In order to
reverse power from secondary to primary side, four IGBTs
(S5-S8) are employed as the secondary side full bridge.

In forward mode, only the primary side IGBTs S1-S4 are
controlled using phase shift. Detailed description of forward
mode operation is explained in [29]-[34]. The converter
specifications in this study are listed in Table I, based on [34].

The resonant frequency is defined as,

1

Ly M

where L = L; + L,=2L,, and C, is resonant capacitance. The
characteristic impedance of the resonant tank is

L 1

Z, = |—=2af,L=
O [ e @
The loaded quality factor is defined as
Total energy stored VA
0=2r = =20

Energy dissipated per cycle "R

e
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Fig. 3: Proposed modulation strategy based on three phase-shift angles
for reverse mode operation: gate signals for 8 IGBTs.

where R, is the equivalent load resistance. To represent the
output load resistance in terms of the equivalent resistance
seen by the resonant tank, (4) is used [36]. The equivalent
load resistance is

8
: -— R, ~0.8IN°R,, (4)
T
where R; is output load resistance.
From [36], the output voltage with zero phase-shift angle

(p1=0) is
dsRL = Vd”
N1+ Q* (S f, = £ 1 £

where 7, is the DC output current and calculated by rectifying
the fundamental component of the resonant tank high-
frequency AC current.

The considerations and trade off for selection of
transformer turns ratio N=2-N,;/N,, resonant inductance
L=L+L,=2-L; and resonant capacitance C=C, is presented in
[34] in detail and the parameters are listed in Table I.

V=1

s

)

III. REVERSE MODE MODULATION STRATEGY WITH LOwW
OUTPUT VOLTAGE

It is difficult and inefficient to derive the complicated
analytical models for the CC-SRC because there are four state
variables associated with four energy storage components in
the circuit and there are nine possible conduction modes of the
four clamping diodes in which at least D11 and D12 conduct
alternately for some period in each switching cycle [33]. But
with ¢,=0 the intrinsic voltage step-down characteristic of the
converter described by (6) is obtained from (5),

e !

- (6)

M .
Vi N1+Q*(f./ 1,1,/ 1)}

Equation (6) represents the CC-SRC maximum voltage
transfer ratio corresponding to the phase shift angle ¢; of zero
when none of the clamping diodes conduct. As described in
detail in [34] and as can be concluded from (6) the series
resonant DC-DC converter steps down voltage under the
assumption of 1:1 (N=1) transformer turns ratio. It is
impossible to reverse the power flow from ¥, back to V. by
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Fig. 4: Illustration of the selected numeric simulation points in the
three-dimensional phase-shift modulation space.

simply controlling S5-S8 or ¢, since Vy is smaller than V.
Therefore, more advanced modulation technique should be
proposed to realize reverse mode operation.

With full bridge in both primary and secondary side, there
are three modulation variables to utilize (see Fig. 3): the
primary side full bridge phase-shift angle ¢, (used solely for
forward mode power flow control), the secondary side full
bridge phase-shift angle ¢, (shown as inadequate as the sole
control variable when voltage boosting is required) and the
phase shift angle between the secondary side and the primary
side bridges ¢, (used as the control variable for the
conventional DAB converter). It is apparent that all three
degrees of freedom should be explored as potential candidates
for the reverse mode control.

Since there is no analytical converter model derived for the
reverse mode operation, a systematic numeric simulation
study has been conducted. To cover the wide operating range,
36°, 90° and 144° have been selected for each phase-shift
angle giving a total of 27 combinations for three modulation
variables as shown in Fig. 4. The assumption is that there are
no major nonlinearities or discontinuities between the
simulated points and that the curve fitting approach will
provide a good prediction of the behavior of the converter for
the points that have not been explicitly tested. Once the
control path is chosen, additional simulations are performed to
verify the system behavior at the points of interest.

Simulations are performed to calculate the weighted
average rms current and the reversed power at the points of
interest. In the simulations, the hard switching (HS), zero
voltage switching (ZVS) of IGBTs, and the specific reversed
power are all recorded to determine the optimal operating
strategy. The specific reversed power is defined as the ratio of
reversed power to the weighted average rms current of
converter. Trivariate splines implemented in Matlab are used
to interpolate between the simulated points [35].

We define the converter weighted average rms current as

1, =iy +3v iy + 50y 4200y +20p, )/ 15, @)
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Fig. 5: The specific reversed power for different combinations of three
phase-shift angles [¢,, 91, 921] (Va=750V, V4=300V).

where ipg and ip;; are the rms current of the clamping diodes,
ir;-ir; are the rms current of the transformer windings. Each
gain represents the cumulative conduction losses through the
components that are in the current path. In this analysis, as a
simplification, equal weight is given to the conduction loss in
each conducting device. Now the specific reversed power Ps
is defined as,

P =

§ Irms ’ (8)
where P, is the reversed power and /I, is the weighted
average rms current of the converter. The weighted average
rms current defined in (7) is a measurement of the current
stress of components in the circuit. At some combinations of
the three phase-shift angles, the reactive power in the circuit is
very large which causes high component current stress or
damage. The specific reversed power defined in (8) is an
indication of the reactive power and current stress in the
circuit. High specific reversed power indicates lower current
stress and, potentially, more efficient power conversion.

Fig. 5 shows the specific reversed power when secondary
side voltage V, is 300V, the lowest output voltage. The
combination of three phase-shift angles is labeled in the
sequence as [¢y, @1, @] with the unit of degree. The
following criteria are used to identify the trajectory of
modulation variables in a three-dimensional space.

(1). High specific reversed power;

(2). Zero voltage switching (ZVS) if possible;

(3). Monotonic change of power along the trajectory;

(4). Piecewise linear trajectory for simplicity.

The first criterion is used to reduce the current stress of
components and improve efficiency in reverse mode
operation. The second criterion, ZVS, is also important
because 1200V/300A IGBTs are switched at 50kHz. Hard
switching (HS) should be avoided at high power levels, given
the 50kHz switching frequency. At lower power level, if ZVS
is lost, it is easier to use snubber inductors and auxiliary
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Fig. 6: The identified trajectory for reverse mode operation with low
component current stress for 300V output (V4=750V, V;=300V).

switches to inject inductive current and retain ZVS. The third
criterion is used for simpler design of feedback control loop.
If the power does not change monotonically along the
trajectory, the sign of small signal transfer function will
change causing potential stability problems.

The results of the comprehensive simulation procedure, for
300V output, are shown in Fig. 5. To satisfy the first criterion,
the chosen modulation strategy should utilize the high specific
power operating points. Angle combinations that result in hard
switching are eliminated when the power output is above
15kW. For points below 15kW, snubber inductor and/or
auxiliary switches can be utilized to inject additional inductive
current at the moment of switching and facilitate the zero
voltage switching of IGBTs [31]. Based on these criteria, the
angle control path is defined.

Fig. 6 shows the identified trajectory for angle control
which results in power regulation from full load to no load. In
the figure, solid contour lines represent the reversed power
and the dotted line is the boundary between the soft switching
(ZVS) and hard switching (HS) region. The key points
defining the trajectory are also marked based on the above
analysis. In Fig. 6, three adjacent and perpendicular planes in
the three-dimensional modulation space are expanded into a
two-dimensional plane for simpler illustration. To reverse the
power from 40kW to OkW, the trajectory starts at [3.6°, 36°,
90°] ([@2, @1, ¢211), and then goes to [3.6°, 90°, 36°]. This
piece of the trajectory is on the plane of ¢,=3.6°. The rest of
the trajectory moves to the plane of ¢, =36°, starting at [3.6°,
90°, 36°], through [36°, 144°, 36°], [90°, 144°, 36°] and
ending at [144°, 144°, 36°]. A look-up table is used to store
the trajectory coordinates and discussed in detail in part V.

IV. REVERSE MODE MODULATION STRATEGY WITH HIGH
OUTPUT VOLTAGE

A similar procedure is now applied for the highest expected
energy storage voltage of 600V. Fig. 7 shows the output
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Fig. 7: The specific reversed power for different combinations of three
phase-shift angles [¢,, 91, 921] (Va=750V, V4=600V).

power plotted against the specific reversed power. Only the
points in the 0-40kW range of interest will be considered.
Based on the same trajectory selection criteria as 300V the
operating points are chosen and highlighted with circles in
Fig. 7. We will call this strategy 1. It can be found that all
these points are on the plane of ¢;=144° in the three-
dimensional modulation space. The strategy 1 trajectory is
defined with [36°, 144°, 90°] for 39kW, [90°, 144°, 90°] for
19kW and [144°, 144°, 90°] for 2kW load as a straight line. It
is important to note that the criterion for monotonically
regulated power along the trajectory and piecewise linearity
are satisfied.

However, two points in hard switching region result in
much higher specific reversed power. These points are marked
with squares in Fig. 7. We will call these points strategy 2,
which discards the requirement of converter nature ZVS at
heavier load compared to strategy 1. These two points have
much lower current stress and conduction loss. Although they
are in hard switching region, at 600V output the current in
IGBTs is much smaller than that at 300V. These two points
are both on the plane with ¢,;=36°, and the reversed power
with ¢,,=36° and different ¢, and ¢, is shown in Fig. 8.
Therefore, the trajectory of the strategy 2 starts at [36°, 36°,
36°] for 35kW load, then goes to [90°, 90°, 36°] for 17kW,
and ends at [144°, 144°, 36°] at light load. Auxiliary inductors
and switches are employed to obtain the ZVS condition [31]
for strategy 2.

To compare the viability of the two modulation strategies,
the efficiency of the two trajectories was calculated and
compared in Fig. 9. The high fidelity model contains detailed
modeling for all component power loss including the IGBT
conduction loss, experimentally validated switching loss,
diode conduction loss and reverse recovery loss, winding and
core loss of inductors and transformer, gate driver loss,
capacitor loss and cable loss. The accuracy of the efficiency
model agrees very well with the 15kW experiment prototype
as presented in Part VI. From Fig. 9, at light load, the two
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Fig. 8: The identified trajectory for reverse mode operation with strategy 2
for 600V output voltage (V4=750V, V=600V, ¢,,=36°).
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Fig. 9: The calculated efficiency for the reverse mode modulation
trajectories based on strategy 1 and 2 with 600V output
(Va=T50V, V4=600V).
strategies have similar efficiency. However, from medium to
full load, the power converter efficiency of strategy 2 is 4-5%
higher than that of strategy 1. Therefore, with 600V output
voltage, strategy 2 generates a better trajectory.

V. CONSIDERATIONS FOR REVERSED POWER FLOW CONTROL
IN WIDE OUTPUT VOLTAGE RANGE

Based on the discussion above, the CC-SRC can be
controlled in reverse mode in a wide voltage range of 300-
600V. The actual implementation can be achieved with a two-
dimensional look-up table (LUT) with its format shown in
Table II. There are two inputs for LUT. The first one is a
proposed virtual phase-shift angle o, which controls the
reversed power P, The second entry is the voltage V™,
which defines different trajectories in three-dimensional
modulation space for different battery voltage. Each row in
LUT stores a trajectory. The output of LUT is the three phase-
shift angles [¢, @1, 92/]ij) corresponding to the battery string
voltage V; (1<i<M) and the angle a; (1</<N), where M is the
number of voltage entries and N is the number of angle
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Fig. 10: Simulated reversed power of generated trajectory at V;*=300V.

entries, i and j are integers.

The virtual phase shift angle o deserves further discussion.
This parameter is an amalgam of the three phase shift angles
and is directly used for power flow control. The relation
between a and P, must be monotonical. For simplicity a linear
relationship is defined in equation (9) for each V,* in LUT,
where the unit of a is degree and P, is the maximum reversed
power (e.g. 40kW):

o«
180°

The reversed power is controlled by only one variable.
When a is increased, the reversed power decreases. This is
similar to the phase-shift angle ¢; in forward mode power
control and greatly simplifies the converter controller design
for the reverse mode operation.

To generate a high-fidelity LUT, simulations following the
procedure in sections III and IV were repeated for output
voltages of 400V and 500V. The criterion in Section III was
applied for 400V output and the strategy 2 from section IV
was utilized at 500V. As before, each trajectory is piecewise
linear and defined by several key points.

To ensure that (9) is satisfied for a given battery voltage,
additional 15-20 reference points were identified using linear
interpolation to evenly cover the whole trajectory. The
reversed power for these reference points was measured from
the simulations giving the appropriate a for these operating
points. Appropriate phase shift angles at points between these
reference points were generated by linear interpolation. No
simulation calibration is required for these points. For
illustration, the simulated reversed power of the reference
points, some interpolated points at V=300V are shown in
Fig. 10 as indication of good linearity of interpolation from
the reference points.

The procedure described above results in smooth reverse
power flow control when the commanded Vds* equals 300V,
400V, 500V or 600V. To achieve smooth power control for
any commanded voltage between 300V and 600V, trajectories
for additional voltage commands are needed. To achieve this,

P=P-(1--2. ©

TABLE II
THE FORMAT OF THE LUT AND THE CORRESPONDING REVERSED POWER
Po: P Py (N-2)/(N-1) | == 0
a
V¥ a;=0° a,=180°/(N-1) ay=180°
ds

Vi | [@2 @1, Q21]c1,1) | [@2 Q1. Q21]i1,2) [@2. @1, Q211

Vo | [@2 @1, Q2ileny | [P2 @1 P2ilz2) [®2, @1, P21]iz2m)

V3 [®2, @1, Q21]z1) | [@2 ©1. Q21]3.2) [@2. @1, Q21

Vier | [@2 @1, @21]a1,1) | [@20 @1, ©21]pi,2) (@2, @1, 21lpr1.m)

Viu | [@2 @1 P21]mn) | [®2. @1, Q21]m2) [®2, @1, P21]miny

TABLE III
THE REQUIRED RESOURCES FOR LUT WITH DIFFERENT SIZE
Quantity Conﬁg]uratlon Conﬁgzuratlon Conﬁg3urat10n

number of
trajectories M 301 25 25
number of points
on trajectory N 1024 1024 128
required 16-bit 924672 76800 9600
memory size (903Kk) (75k) (9.375k)
number of online
interpolation 0 1 3
total arithmetic
operations 0 13 38
controller clock 150MHz 150MHz 150MHz
computation time 0 ~910ns ~2660nS

interpolation is used to determine the phase shift angles for
reference V" of 350V, 450V and 550V. Again, the power at
key points and reference points are simulated to determine the
appropriate o to satisfy (9). For illustration, the generated
trajectories are shown in Fig. 11. The procedure is repeated
again for Vds* of 325V, 375V, 425V, 475V, 525V and 575V.
It is found that at these voltage trajectories the simulated P, of
reference points at each o; is already very close to the
prediction by (9). One more interpolation and recalibration
was done to verify that the linearity is indeed achieved,
resulting the total of 25 trajectories in LUT that all match (9).
The trajectory for the rest of the voltage can be obtained by
linear interpolation from above 25 existing trajectories in the
LUT. The phase angles for the voltage V;, at a; are calculated

by (10),
[0, 0,0, 1=K, '[(027@15(021](141“[) Vs =V0)

,  (10)
-k, .[¢29¢19¢21](i‘j) (Vs _I/i)+[¢zo(/719(/721](f,j)

where V; < Vi, < Viyy, i and j are integer, K;=(M-1)/(Vy- V).
[¢2 @1 @2;] are the phase-shift angles for V at a;, which are
not stored in LUT. [gﬂg, @1, ¢21](i+1,j) and [gﬂg, @, (ﬂgl]ﬁ,j) are the
phase-shift angles stored in the LUT from the two adjacent
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Fig. 11: The generated trajectories in LUT by proposed procedure in wide output voltage range of Vy: (2) @2, (b) ¢4, (¢) ¢2;.
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Fig. 12: The diagram of the LUT based modulator.

trajectories corresponding to V;,; and V; at the same o.

The size of the look-up table is the trade off between the
required memory size and the computation time of the digital
controller. Three configurations of the LUT are proposed in
Table III. Each angle is stored in a 16-bit memory cell. In
configuration 1 and 2, 10-bit resolution is used for the virtual
angle so that there is no requirement for on-line interpolation
for a. Linear interpolation for ¥ is achieved from 25 existing
trajectories by applying (10). In configuration 1 the
interpolation is calculated off-line, whereas for configuration
2 the interpolation is calculated on-line. In configuration 3, to
reduce the size of the LUT, linear interpolation is performed
on-line for both a and V following (11) - (13),

(02,00, @0 I'= K, [02,0, 001 ) jy (@ — ;)

, (1)
-K, '[¢2’¢1’¢21](i,j) '(a_a/)+[¢25¢1’¢21](i,j)
(9, 0,0,]"'=K, ‘[¢7zs¢’1s¢721](i+1,_/+1) (a _a‘/) (12)
-K, '[gﬂza(ﬂlegﬂzl](m,/) '(a_aj)+[¢2e¢1s¢21](i+|,j)’
[0,,0,0,1= K, [0,,0,0, 1"V, = V) (13)

=K, [02,00,0, ]V = V) + [%,(01»(021]"

where V; < Vg < Viyp, 0, < a < a4, i and j are integer,
K;=(M-1)/(V\-V;), K;=(N-1)/180. To calculate the phase-shift
angles [¢,, ¢; ¢] at a and Vg, the interpolation can be
conducted first for the intermediate angles [¢, @; @2;]° on
trajectory V; by (11) and [, ¢, ¢2/]”° on trajectory V;.; by
(12) for a, and then to obtain [¢,, ¢;, @,;] from [, ¢, @]

N i 1o IR

- .
Fig. 13: The prototype of the 15kW scaled-down bi-directional series
resonant DC-DC converter with clamped capacitor voltage (CC-SRC).

and [¢, @5, @] for V4 based on (13). Configuration 1
requires external memory but consumes the least arithmetic
resources. Configuration 2 and 3 utilize the on-chip memory
of state-of-the-art microcontroller. Configuration 3 requires
minimal memory size but consumes more arithmetic
resources. However, the computational time is approximately
2.66uS and only a small portion of the 20uS switching cycle.

The diagram of the LUT based modulator for configuration
3 is shown in Fig. 12. The sensed battery pack voltage is sent
to Vy and the controller output is connected to a. The
synthesized angles [¢,, ¢, @] are inputs of the phase shift
pulse width modulation (PSPWM) module to generate IGBT
gate signals of S1-S8 for required reverse power P,;. It is
noted that in energy storage applications such as batteries and
ultracapacitors, V, changes at a much slower rate than the
speed of the power regulation loop.

VI. SIMULATION AND EXPERIMENTAL RESULTS

A 750V input, 300-600V output and 50kHz switching
frequency prototype with 15kW scaled-down power rating is
constructed to verify the reverse mode operation of the CC-
SRC. The picture of the prototype is shown in Fig. 13.

The components used in the prototype include,

o IGBTs: APTGF300A120G;
e Clamping diodes: APTDF400AK60G in series;
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Fig. 14: Simulation (a) and experiment (b) waveforms in reversed mode with
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Transformer turns ratio: 1:1:2;
Transformer primary winding leakage: 0.6uH;
Transformer secondary winding leakage: 7.5uH;
Transformer magnetizing inductance: 320uH
(referred to the secondary side T3);

e Resonant inductors: 11.0uH;

e Resonant capacitance: 0.9uF;

It should be noted that there is additional 7.5uH series
leakage inductance in the transformer secondary winding T3.
This is the major difference between the experimental
implementation and the simulation discussed above where the
leakage inductance is assumed to be zero.

The simulation and experiment waveforms with 750V input
(V4e) and 300V output (Vy) and 11.6kW load in DC-link for
the reversed mode operation of the CC-SRC are shown in Fig.
14 (a) and (b) respectively. The reference direction of ir;, is;
and iy; for all the simulation and experiment waveforms is
labeled in Fig. 2. The phase shift angles used in the
experiment is ¢,=26°, ¢;=125° and ¢,=36°. The reverse
power is lower than that predicted in Fig. 6 due to the
additional 7.5uH transformer leakage inductance. The
simulation waveforms coincide well with the experiment
waveforms.

The simulation and experiment waveforms with 750V input
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Fig. 15: Simulation (a) and experiment (b) waveforms in reversed mode with
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Fig. 16: The experlment test waveforms of nature ZVS operation for primary
side full bridge (S1 and S4) in reverse mode operation.

(V4.) and 600V output (V) and 14.8kW DC-link load for the
reversed mode operation of the converter are shown in Fig. 15
(a) and (b) respectively. The phase shift angles used in the
experiment is p,=61°, p;=41° and ¢,;=36°.

The experimental waveforms of zero voltage switching
(ZVS) in reverse mode operation with 300V, and
750V,/8.6kW reversed power are shown in Fig. 16. Dual
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Fig. 17: The simulated reverse mode transient response for DC-link load
change with proposed modulation technique (V;=300V, V;=750V).

power supply voltage (+15V and -15V) is used for the gate
driver. For primary side bridge, nature ZVS is obtained and
Fig. 16 shows the gate drive voltage V. and output voltage V.
of S1 and S4. Auxiliary inductor and switches are required for
secondary side IGBTs S7/8 to achieve ZVS at this load.

To verify the proposed modulation technique and LUT-
based modulator, the converter transient response in reverse
mode was simulated with close-loop feedback control. The
effectiveness of simulation model was verified by Fig. 14 -
Fig. 15. The DC-link voltage (V) is sampled and regulated to
750V by a PI controller with the output connected to the input
o of the LUT-based modulator (see Fig. 12). V, is battery
voltage. The load current in DC-link side (i,) switches
between the half and full load. The waveforms of DC-link
voltage, load current, AC voltage of primary and secondary
full bridges, current in transformer primary and secondary
windings, three phase-shift angles and the virtual phase-shift
angle, at 300 ¥, are shown in Fig. 17.

Power loss models were built for each component in the
converter to predict the efficiency in full load range. The
calculated efficiency curves in forward mode with 300V and
600V output are shown in Fig. 18. The experimental tested
efficiency points of 15kW prototype are also shown in Fig.
18, which indicate good agreement with the model prediction.
From the medium to heavy load range, the efficiency ranges
from 94%-96% with 600V output and 91%-92% with 300V
output. It can be observed that the 300V output efficiency
decreases at high power output. One possible reason is the
large ratio of reactive current due to the high quality factor Q
at heavy load (small R,) associated with lower V. Larger
phase-shift angle ¢, is required for 300V output than for 600V
at the same output power, which also injects more current to
D11&12 and results in higher clamping circuit loss.

The calculated efficiency curves in reversed mode
operation with 300V and 600V output are shown in Fig. 19.
The efficiency curve with 600V output is calculated based on
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Fig. 18: The calculated and experiment tested efficiency in forward mode
with 300V and 600V output voltage of V, (Va=750V).
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Fig. 19: The calculated and experiment tested efficiency in reversed mode
with 300V and 600V output voltage of Vy (Vy =750V).

the reverse modulation strategy 2. The experimental tested
efficiency points of the prototype are also shown in Fig. 19.
Compared to the forward mode the reverse mode efficiency
drops about 2-3% from the medium to high power range. This
is mainly due to the additional turn-off loss contributed by the
secondary side IGBTs S5-S8. The efficiency drop at heavy
load is observed as well for 300V,. In reversed mode, the
reactive power can be indicated by phase-shift angles. With
300V battery voltage, it is more difficult to reverse the power
flow and the secondary side full bridge needs to lead the
primary side by a larger angle at heavy load (¢,;=90°).
However, this angle also causes higher reactive power in the
circuit, whereas for 600V, ¢,; is only 36°.

The power loss breakdown analysis for the CC-SRC
prototype in reverse mode with 300V,/11.6kW is shown in
Fig. 20. The conduction and turn-off loss of S3&S4 are larger
than that of S1&S2 because from Fig. 14 the modulation
strategy at 11.8kW reversed power results in higher current
stress (iz) in T2, L2, S3/D3 and S4/D4 branch than that (iz;)
in T1, L1, S1/D1 and S2/D2 branch. But at high power or
high output voltage level, the current unbalance is mitigated.
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Fig. 20: The power loss distribution for the 15kW prototype with
300V,/11.6kW in reverse mode (total loss 2035W, V;=750V, V,;=300V).

VII. CONCLUSION

The series resonant DC-DC converter with clamped
capacitor voltage (CC-SRC) exhibits excellent characteristics
in forward mode, but single phase-shift angle control cannot
reverse the power flow. The advanced modulation strategy
based on three phase-shift angles is proposed to reverse the
power flow and the optimum modulation trajectories with low
and high output voltage in three-dimensional space are
identified, based on the design of experiment and systematic
numeric simulation approach. A LUT based digital modulator
is proposed to simplify the angle control strategy. The
proposed converter operation is verified by a scaled-down
experimental prototype and the simulation waveforms
coincide well with test waveforms. The converter efficiency is
calculated and verified for bi-directional operation.
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