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A Step-Up Bidirectional Series Resonant DC/DC
Converter Using a Continuous Current Mode
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Abstract—This paper presents the analysis and design of a novel
technique that allows the conventional series resonant dc/dc con-
verter (SRC) to work as a step-up and step-down converter. This is
useful in bidirectional dc/dc converters where one port is attached
to a fixed voltage dc line, e.g., a 360-V dc line, and the other port
is attached to an energy storage device such as a bank of superca-
pacitors or batteries. Every converter that works in this scenario
requires step-up and step-down modes to transfer energy from one
port to the other. The paper presents the SRC as an alternative
to the well-known dual active bridge (DAB). The dc analysis is
detailed to demonstrate the step-up capability. In addition, the ac
analysis is presented. Experimental results from a 6-kW prototype
validate the theoretical analysis. The results indicate that this tech-
nique achieves better efficiency compared to the phase-shift DAB
in a wide power range, from heavy to light loads. The main reason
for this is that the converter works with smaller currents than the
DAB at light loads.

Index Terms—DC/DC converter, resonant converter, superca-
pacitor (SC).

NOMENCLATURE
N Transformer turns ratio.
M Voltage conversion ratio,
Vour /Vin..

M127M21 M defined as: M21 = ‘/QDC/‘/lDC
and M5 = Vipc/Vanc.

Normalized voltage conversion ratio,
without considering the transformer
turns ratio (n), m = Vour/(n*
Vin). ma1 = Vopc /(n * Vipc) and

mi2 = Vinc/Vane.

m,mi2, M1

Xnin, XMAX Minimum and maximum value of X
where X can be mjo or mo;.

Vipc, Vapc Low- and high-voltage side of the
converter, respectively.

Vi,V Equivalent source voltages use for the
simplified circuit that excite the reso-
nant branch.

Vin, Vour DC input and output voltage for

the analysis, Vix =n-Vipc and
Vour = Vapc.
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ir,ir,vc Inductor (Lp) current, low side trans-
former (XFRM) current, capacitor
(CRr) voltage.

iR Rectified current.

R Load resistor.

Zy Characteristic impedance of the reso-
nant branch, Z, = (Lz/Cr)"/>.

k Attenuator factor, k=
Rross/(2Lg).

r Normalized load resistor R/Z;.

ti,ta.t3 Time intervals where V; and V5 re-
main constant.

Vr, My Vp = Vi-Vs and My = Vp /Vix.

Vot Initial C'z voltage.

On Initial phase of the n time interval.

Xn) X function for the n time interval.

W, WS, f0, fs Resonant and switching frequency
(rad/s) and (Hz), respectively.

Ty, Ts Resonant and switching period (s).

F Normalized switching frequency
wg Jwp..

me, JL Normalized capacitor voltage is
me = ve /Vin and normalized in-
ductor current is j;, =iy, - Zp/Vin.

H,) Radius for n-time interval in the
me, jr plane.

v, o, B, ¢ Angles for t1, t5 and t3 time intervals
inthe m¢, jz plane and ¢ is the initial
angle.

Iout DC output current Voyr/R.

Q Quality factor, Q = 1/r.

An, by, cn State-space model for the nth time

AaB7k17k27h7d57kS

VIN, VOUT

T,T

interval.

Auxiliary matrixes, vectors, and con-
stant for the small-perturbation model
functions of the components of the
circuit.

Input and output voltage (DC+AC).
Period averaged and perturbation of
x variable.

1. INTRODUCTION

NERGY storage systems (ESS) are being used more and
more frequently because of the increase in the development

of renewable energies like solar and wind energies. Commonly,
these kinds of energy sources require an ESS that accumulates
energy that can be consumed when it is needed. There are sev-
eral types of ESS, such as batteries, supercapacitors (SCs) [1],
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Fig. 1. General bidirectional SRC dc/dc converter diagram.

fuel cells, etc. SCs combined with batteries can increase the
discharge life of a battery by smoothing its discharge cur-
rent [2]-[4]. This not only means that less heat is produced
by the battery, but also a greater charge can be extracted from
the battery. However, because the output voltage in SCs is lin-
early dependent on its charge, a bidirectional dc/dc converter
that attains a constant voltage at one port (output port) and al-
lows fluctuations at the other port (input or SC port) must be
introduced. The converter should be bidirectional to charge and
discharge the SCs.

Any converter that works in a bidirectional mode requires that
the circuit work in a step-up mode in at least one direction. Un-
fortunately, the series resonant converter (SRC) is a step-down
converter and uses a transformer to increase the voltage [5].
However, when the transformer works in the opposite direction,
both the transformer and the SRC reduce the voltage so the final
voltage is below the required value.

This can be better explained by Fig. 1. The voltage con-
version ratio (M) for any type of bidirectional dc/dc con-
verter, according to the ports shown in Fig. 1, is defined as
My = Vape /Vine(Mis = Vine /Vanc) when the power flow
is from (to) Vipc to (from) Vop . In order to increase the out-
put voltage and provide galvanic isolation, many converters
include a transformer, and thus M;5 and M>; depend on the
transformer turns ratio (n). In these cases, a normalized voltage
conversion gain can be defined as ms; = Vapc/(n - Vipe) and
mi2 =n - Vipc/Vapc, where the influence of the transformer
turns ratio is excluded. Hence, the voltage conversion gain of a
system including a transformer is expressed as My = mo; - n
and Mo = mqy/n.

In an SRC, both ms and ms; are less than one. Therefore,
in order to increase the output voltage, a transformer is needed
so that M can be greater than one. In this paper, a novel con-
trol method is developed. It consists of changing the switching
pattern of the rectifier side of the SRC converter, so energy ac-
cumulation in the LC branch is achievable and an m greater
than one is possible. This novel technique allows the SRC to be
attached to several energy storage devices, such as batteries and
SCs [6], [7].

In general, an energy storage device has a minimum and a
maximum working voltage, and it is commonly attached to a
constant dc line through a dc/dc converter [8]-[10]. In Fig. 1,
Vipc is attached to the energy storage device and Vapc is at-
tached to the constant voltage dc line. Considering the minimum
and maximum voltage values of the energy storage device, the
moy values that make Vopc constant are expressed in (1a) and
(1b). In the opposite direction, the boundary values of my; are

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015

expressed in (1c) and (1d) with V,p e constant

Vopc = maivax -1 ViDCmin (la)
Vopc = Ma1min - 7 - Vipcmax (1b)
ViDCmin = Mi2min - VanC /10 (Ic)
Vipcmax = miavax - Vape /n. (1d)

It can be seen that when Vjp ¢ has the minimum voltage, mo
should be the maximum (la) and m;s the minimum (lc). By
multiplying (1a) with (1c) and (1b) with (1d), a pair of relations
is obtained in (2)[Comp: Please link all the equations in the text
throughout the article.]. These equations show the necessity of
having an m (in any direction) greater than one. Assuming that
the converter in Fig. 1 is a common SRC (where m < 1) and the
ideal case, where mioyax and mojnax are equal to one, then
the minimum values (7m12min and Mmaimin) should also be one
in order to satisfy (2). That means that the common SRC does
not allow a voltage variation at one port when the other must
be at fixed voltage. Therefore, a step-up mode is mandatory for
dc/dc converters in that kind of application

(2a)
(2b)

1 =miamax - M21 min

1 =ma1max - M12min-

II. DC ANALYSIS

The power stage schematic circuit of the SRC is presented in
Fig. 2(a). Switches M1 to M8 are controlled by a 50% square
wave oscillator that works above the resonant frequency (fo).
The system transfers energy from Vipc to Vaope based on that
oscillator, whose frequency is called fg (switching frequency).
The gates of M1, 2, 3, 4, 7, and 8 (M5 and M6 remain off)
are triggered as shown in Fig. 2(b). In the opposite power flow
direction, the gates of M2, 4, 5, 8, and M6, 7 act like those
of M1, 4, 7, 8 and M2, 3, respectively. A simplified circuit
is shown in Fig. 2(c), which will be used to develop the dc
model and the dc characteristics of the converter. V; and V5
from Fig. 2(c) represent voltage sources that remain constant
in a time interval. As shown in Fig. 2(c), the analysis does not
consider the transformer turns ratio of the real converter, so the
analysis is completely symmetric and it can be used in both
directions. The addition of the transformer increases the voltage
conversion ratio of the whole converter in one direction and
decreases it in the same proportion in the opposite direction.
This analysis considers that n - Vipc is Vix, Vepe is Vour,
and R is the load resistor.

The circuit has three time intervals (¢1 ts, and ¢3) due to
the commutation of switches M1 to M8, so the three possible
values for the (V7, V4) pair are listed in (3). The time intervals
are related as shown in (3). ' is the normalized frequency, fs/ fo

VvIN70
W, Va) =< —Vin,Vour Vp=Vi—-V, 3)
—Vin, —Vout

o=ty +ty = — = —
L= 3_w5_w0~F'
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Fig. 2.
circuit.

DC/DC converter: (a) schematic, (b) waveforms, and (c) simplified

The LC branch is governed by the following equation:

dQUC d’UC’
—Lp-Cp- 2% Fomics
%% r-Cpr pTe + Rross.Cr at + vo
) dvg
=Cr——. 4
i R 4)

The solution is

VC(n) = VC1(n) * COS(WO i+ @n) e M + VT(n)

_Yei(n)
A

where vo (), Vo1 (n), 0 are the capacitor voltage, the capacitor
initial voltage, and the initial phase for the nth interval. The
attenuator factor is k = Rposs/(2Lg) and the characteristic
impedance Zy = (L /Cr)"/?. Equation (5) can be normalized
based on the state-plane method [11], [12]. This method is com-
monly used in the analysis of continuous and discontinuous
series and parallel resonant converters, which is why it is used
in this paper to show the state-plane of the bidirectional SRC in
a step-up mode. The solution based on the normalization is

iL(n) R ssin(wg - t+ @) - ekt (5)

me ) (t) = Hepy - cos(wo -t 4 @) - e M4 M7 ()

Q

Jrm) = —Hy -sin(wo -t + ¢y - ekt (6)
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F=1.1

Fig. 3.  State-plane representation of the step-up SRC (Rross = 0).

The method normalizes the capacitor voltage with the input
voltage Vpc, and the inductor current with the input voltage and
the characteristic impedance Zy = (L /Cg)'/?. Consequently
the normalized capacitor voltage is m¢ = ve /Vin, the nor-
malized inductor current is j;, = i, - Zy/Vin, and the conver-
sion voltage ratio of each time interval is my(,) = Vr(,)/Vix.
Therefore, in the mc—j;, plane, the solution represents an arc
of radius H, (for R oss = 0) with the center in (m¢, jz) =
(0,m7(y)). The subindex n refers to the time interval from 1 to
3. Thus, three arcs form a closed curve in the plane as shown
in Fig. 3. A lossless example is shown in order to clarify the
concepts. If power losses are considered, the arcs have an ini-
tial radius and a smaller final radius. Each arc starts when the
previous one finishes due to the capacitor voltage and inductor
current continuity constrain. This is the key to obtaining the
voltage conversion ratio, M. This analysis does not consider
any transformer ratio, so m = M. The whole curve in Fig. 3
was obtained by simulating the circuit in Fig. 2(a) in PSIM,
and it shows the particular case when F' = 1.1. In addition, the
values of A; to Az are shown. The arc with A; radius repre-
sents the half of the switching period, tg /2.7, a, 3 are the arc
angles of the first, second, and third interval, respectively, and
¢ represents the initial angle.

In the common analysis the state plane provides enough in-
formation to obtain a closed-form expression for the voltage
conversion ratio as a function of R and fg. Unfortunately, for
this converter the solution could not be obtained analytically, so
it was obtained numerically. The equations that should be solved
to obtain m, including the losses, are presented in (8). The first
five equations in (8) are the initial conditions for the three time-
intervals mentioned earlier. The sixth equation is the relation
between the angle () of the accumulation time-interval (the
first half of the switching period) and the resonant frequency.
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Fig. 4. Normalized voltage conversion ratio, m versus fs/fo for different

quality factors (Q).

Each angle is defined as
Y=wo -t (7a)
wy=2-7-fy (7b)
a=uwy -l (T¢)
0 =wp - t3. (7d)

The other time-intervals (energy transfer intervals) form the
second half of the switching period, as the sixth equation in (8)
expresses. The last equation relates the converter output volt-
age with the state-plane. That equation is based on the electric
charge of C. The maximum difference in Cz voltage (which
in the state-plane iS mcnAX—M¢ min) 1S proportional to the
charge transferred to the load. This charge is Ioyr.75. Nor-
malizing this, meavax — Mo min = 2 -7y - m/r where r is the
normalized load resistor (R/Z;). The first member of the sev-
enth equation in (8) is obtained from Fig. 3, but includes the
power losses

H, ~exp(w—0’y) ~cos(¢p+v)+1=Hy cos(a) —1—m

—k
Hg-exp(Ta)—l—m:Hg—l—i—m
0

Hj - cxp(%w) ~cos(B) —1+m = Hy -cos(¢) + 1
0
H, ~exp(_w—07) -sin(¢ 4+ v) = Hj - cos(a)

H; -exp(_w—k;ﬁ) -sin(B) = Hy - sin(¢)
fs _y_a+B
Jo m 7r
R e R B R

Using (8), Fig. 4 shows m as a function of F' for different
values of the load resistor () factor is defined as Q = 1/r =
Zy /R for alossless circuit). The influence of considering a loss
resistance is shown in Fig. 5 for the particular case in which
R = Z,. It can be observed that the maximum value of m is
reduced as Ry ogg increases (ideally m = 2 for lossless case).
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Fig. 6.  Output characteristics of a step-up SRC.

This converter—similar to other converters such as the dual
active bridge (DAB) [13]-[16], single active bridge [17], and
many resonant converters [18]-[22]—has an m which depends
on both the load and the switching frequency. Fig. 6 shows
the output characteristics of the converter by considering the
lossless case. In the figure, two load lines are plotted; this plot
is useful because if the load and the m ranges are defined, the
frequency variation is known. As an example, if the normalized
load variation is from 1 to 2, and m is from 0.8 to 1.35, the
frequency variation is from fg = fj to f¢ = 1.5f;. Fig. 7 shows
« and [ as function of F' for r = 1.

III. AC ANALYSIS

The dc analysis is useful for selecting components and de-
termining the switching frequency range. However, a small-
signal control transfer function is needed in order to design the
controller of the converter. Thus, a proper control that modi-
fies the switching frequency to keep the output voltage constant
can be designed. There are several methods for analyzing the
small-signal variation of resonant dc/dc converters [23]-[27].
In this paper, the averaged state-space method is used. First, the
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state-space model is solved for each time interval. Then con-
tinuity constrains in ¢; and v are applied in the boundary
conditions to join the solutions corresponding to each time in-
terval. The analysis is based on the circuit in Fig. 2(c), where i
is defined as the rectified current, meaning that i is zero for the
accumulation time interval and it is |1, | for the transfer inter-
vals (second and third interval). Thus, steady-state equations for
the state and output variables are first obtained, and then small-
signal perturbations are applied to those equations in order to
obtain the ac small-signal characteristics of the system. In this
paper, only the control-to-output transfer function is presented,
but any other transfer function can be calculated by this method.
A detailed exampled is given in [28].

The state-space models for the three time-intervals are shown

in (9). The state vector is z(t) = [ir vc wvour]’ for any
time interval
dx
s = A, -x+by v, v0uT =€ X,
where n can be 1, 2, 3 and
_Rzoss ;71 0 1
R R In
Al - 1/CR O O 5 bl = 0
1
0 0 — 0
L RCy |
[_Ross -1 —1
Lp Lrp Lp
Ax=1| 1/Ck 0 0 |, by=by=-b
1 1
— 0 —
L () RCY |
[ Fioss -1 L
Ly Lr Lg
As=| 1/Cp, 0 0 |, ¢=[0 0 1].(9)
—1 1
— 0 —
L () RCj |

Ts

x(t) =t x(0) + Al by VN0 <t < -
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t T
x(t)zeA2‘t~x(2S>—|—A1- 't-b2-VIN7S§t§ta

x(t) = e x(ty) + AT e by - Vint, <t < Ts.

(10)

The steady-state condition means that x(0) = x(7s ). Thus,
by using (9), ¢, can be obtained, which is directly related with o
in the dc analysis. In addition, vo yr canbe obtained: voyT () =
¢ - x(t). The averaged method calculates the two basic equations
that should be perturbed to perform the ac analysis

ts
Ts - Vour = / vour(t) - dt =
0

x(Ts) =A -x(0) + B - V.

Equation (11a) is the average of the output value and (11b)
is extracted from (10) in order to represent 2:(Ts ) as an explicit
function of x(0) and Vix. k1 and ky can be obtained by solving
(11a). The variables that depend on fs should be perturbed,
e.g, Ts =Ts +1lg,t, =T, +tq,%(0) = X(0) + %(0), etc.,

with tg = —1 Fz . fg, etc. The variable with a line in the top

ki -x(0) + k- Vi (11a)

(11b)

indicates averaged values in one period, Tg, while the hatted
variables indicate a small perturbation. Thus, two perturbed
equations are obtained from (11)

(Vour +dour) - (Ts +ts) = (k1 + k1) - [X(0) + %(0)]+

+ (ks + ko) - Vin (12a)
%(Ts) + X(Ts) = [A+A] - [X(0) + %(0)]
+B+B]-% (12b)

The control-to-output transfer function is obtained from (12a)
by expressing the equation as an explicit function of fs and X(0)
and by replacing them with their Laplace transforms [fg(s) and
x(s)]. Equation (12b) is used to express x(s) as a function of
fs(s). The final equations are

vouUT (S) = hT X(S) + ks . fs (S)
x(s) = [Ie*Ts — A]™' -dg - fs(s)
where h, ks and dg are obtained from (12) and depend on
Rross, Lr,Cr, R, Vin, and Cj. Thus, the control-to-output
transfer function is obtained from (13). A computer program

was developed in MATLAB to compare the theoretical model
with results from simulations and experimental measurements.

(13a)
(13b)

IV. EXPERIMENTAL RESULTS

In order to validate the theoretical analysis presented in Sec-
tions IV and V, the voltage conversion ratio and the control-to-
output transfer function were measured in a prototype shown
in Fig. 8. This prototype can deliver up to 6 kW between two
ports: the low side port accepts voltages from 60 to 120 V and
the high side port has a fixed voltage of 360 V. The resonant
frequency is 40 kHz. Ly, Cg, and Cj are 72 pH, 220 nF, and
160 pF, respectively. Two load resistors are tested: By = 20 W
and Ry = 140 W. Fig. 9 shows the comparison of the volt-
age conversion ratio between the theoretical model, the data
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Fig. 8. Prototype.
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Fig. 9. DC characteristics.

extracted from simulations in PSIM, and the measurements for
the two loads. It can be noted that the results obtained from the
theoretical model are in good agreement with the experimen-
tal and the simulated data. The waveforms for M1 and M7 are
shown in Fig. 10 for both R; and R, resistors. It can be seen that
the turn-on process occurs at zero voltage for M1 (and also M2,
3, and 4 because the waveforms are the same). This zero-voltage
turn-on is due to the converter working above its resonance fre-
quency. The turn-off process is still a hard switching, but for
heavy loads (low R value) the converter works near its reso-
nance so the Ip current at the moment of turn-off is reduced
compared to a phase-shift DAB [29]. The waveforms for M7
show that a zero-voltage it also achieves a turn-on transition and
a hard switching turn-off process. M4 and M5 work as diodes,
and M8 has hard-switching turn-on and a zero-voltage turn-off
(its drain current is the opposite of M7 during the on-time). In
addition, as the converter always works above the resonance fre-
quency, the impedance that the input bridge (M1 to M4 for the
low-to-high voltage power flow) “sees” is inductive impedance,
so the current lags the voltage. Thus, the turn-on process is a
zero-voltage transition even in transient conditions.

Fig. 11 shows the ac behavior of the system. The absolute
value of the control-to-output transfer function was measured,
simulated, and modeled for the two loads at different frequen-
cies. It can be observed that there is good agreement for low
frequencies and a tolerable deviation for higher frequencies.
The deviation is small enough to design the controller.
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M1 and M7 switching waveforms for (a) full-load and (b) light load

The design procedure begins with the plot of the output char-
acteristics for the lightest and the heaviest load resistors and
for the two limits of M: 0.75 and 1.5 (step-up). Fig. 12 shows
this plot, which can be used to determine the normalized fre-
quency switching range (F): in this case from 1.05 to 3.9 (loads
from 20 to 140 €2). Then, based on the proposed ac model, the
control-to-output transfer function is plotted in Fig. 13 for
the following four cases: maximum/minimum load and max-
imum/minimum input voltage. These transfer functions include
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Fig. 11.  Control-to-output transfer function for several static points.

the variation in V7, and thus their values become similar at
low frequencies.

The proposed controller is a PI controller. Fig. 13 aids in
the parameter selection. It suggests that the cut-off frequency
for the heaviest load (20 §2) and Vix = 60V should be 1.7 kHz.
Therefore, the gain of the control chain should be approximately
+50 dB V/Hz. The control diagram is presented in Fig. 14. The
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control chain gain at 1.7 kHz (K * Kp * Kyr7) is +50 dB.
The attenuator factor, KapT, is —40 dB, and the VCO factor
is Ky = 78dB Hz /V, so Kp should be around 4. The integral
time constant is set to 0.32 ms (around 500 Hz). In order to verify
the closed-loop behavior, a load-step response between 20 and
40 Q is presented in Fig. 15. The time response of the converter
is 4 and 8 ms for the heavy-load connection and disconnection,
respectively. The input current overshoot is lower than 5%.

An efficiency comparison between the present converter and a
DAB converter using phase-shift control is presented in Fig. 16.
Our design was aided by dos Santos er al. [29]. It can be seen
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that the DAB converter is very efficiency at high power, but as
the output power decreases so does its efficiency. Simulations
were carried out using the same model for the MOSFETS in both
DAB and SRC converters. However, in the case of the DAB
converter, a value of Ry,0ss/2 was used instead of the value
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Ry,0ss, which was used for the SRC. This is because the DAB
converter does not have the series capacitor Cp, so there is one
fewer component in series in the Ry ogg branch.

Rrogs was adjusted by taking into account the efficiency
of the converter in the lowest input voltage condition (60 V).
Fig. 16 shows that the efficiency of the SRC is flatter and does not
decrease as much as the efficiency that corresponds to the DAB
converter when the power transfer is reduced. This is mainly
attributed to the shape of the current in the Ryogg branch,
and it represents the main advantage of the SRC over the DAB
converter controlled by phase-shift modulation. For heavy loads,
both converters have similar efficiency. The SRC has lower
switching losses because the switching turn-off transitions occur
closer to zero-current ( fs closeto fj ) thanin the DAB. However,
the conduction losses for the SRC are higher than for the DAB
because of the sinusoidal waveforms with a higher current peak.
Therefore, the efficiency is quite similar.

On the other hand, for light loads, the DAB keeps high cur-
rents circulating through its inductor although the output current
is not high, while the SRC increases its impedance by increasing
the switching frequency. Thus, the conduction losses go down.
This is the reason for having better behavior at light loads. The
switching losses remain because the switching current decreases
but the switching frequency increases. The main disadvantage
of the presented SRC is that the switching frequency is not
constant, so the components should behave well for the whole
frequency range.

As the circuit is completely symmetric, the efficiency plot is
only presented in one direction. In the other power flow direc-
tion, the circuit uses M5 to M8 as M1 to M4 in the low-to-high
voltage power flow direction. M5, M8, M2, and M4 are trig-
gered as M2, M3, M7, and M8 in Fig. 2(b), and M6 and M7 are
triggered as M1 and M4. The waveforms in Fig. 10 are similar,
but M1 is exchanged for M6 and M7 for M4.

V. CONCLUSION

This paper shows a comprehensive analysis of both the dc
and small-signal ac behaviors of a new technique that makes it
possible to use the classical SRC as a step-up converter. This
is particularly useful for bidirectional power flow applications
where one port is attached to an energy accumulator device, such
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as a battery or SC bank, and the other port is attached to a fixed
dc line. The paper presents a prototype of a bidirectional dc/dc
converter that can transfer power up to 6 kW. The experimental
measurements validate the dc and ac analysis. Furthermore, a
design procedure for a simple controller is shown and applied
to the prototype. A load-step process is performed to validate
the controller.

Finally, the converter efficiency is plotted for several-transfer
power values and compared to the simulated results of a DAB
converter controlled by a phase-shift modulation. It shows that
the SRC presents similar efficiency for high power transfer and
it presents greater efficiency for light loads, which represents
the main advantage of this converter.
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