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Abstract—This paper combines three different methods for the
analysis of a self-oscillating bidirectional DC-DC converter under
hysteresis control. First, the describing function method is used to
predict the steady state limit cycle, its oscillation amplitude and
frequency. Second, Tsypkin method is applied to provide more
precise information on the dynamical behavior of the system. To
complete the study, a sliding mode approach is used to give more
insight into the system response in terms of its parameters. A
comparative study among the results obtained from the different
approaches in the frequency and time domain is given. Finally,
an experimental prototype validates the theoretical and the
numerical predictions.

Index Terms—Self-oscillating converters, bidirectional DC-DC
converter, describing function, Tsypkin method, sliding mode,
battery energy storage system, hysteretic control.

I. INTRODUCTION

IDIRECTIONAL power converters are two-quadrant out-
B put systems often employed in battery charge/discharge
regulators, DC uninterruptible power supplies (UPS) and DC
motor controllers with regenerative braking. Their application
field includes space and telecommunication systems, electric
vehicles and renewable energies [1]. The UPS operation
principle is based on the fact that when the DC line at the
input port is active, the power converter acts as a battery
charge regulator; if the line fails, the power flow reverses and
the control algorithm automatically changes to provide load
regulation. The requirements of a bidirectional converter in
these applications are a high efficiency and a good dynamic
response in both operation modes, i.e., energy transfer from
input port (V) to output port (Vj,:) and vice-versa. The state
of the art shows a great variety of topologies employed in
bidirectional operation ranging from those using a simple in-
ductive switched branch [2] to more complex structures based
on a buck-boost converter [3], Cuk converter [4], SEPIC-
Luo converter [5] interleaved converters [6] and multilevel
converters [7]. In some cases, galvanic isolation is provided
between input and output ports when their respective DC levels
are significantly different [8]-[9].

This paper presents a comprehensive study of a hysteretic
controlled bidirectional DC-DC converter for a battery energy
storage system (BESS) as considered in [10]. The DC-DC con-
verter consists of a half-bridge IGBT module with a LCL filter
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(Fig.1). This topology is very simple and easy to operate in
bidirectional mode. The chosen filter allows higher attenuation
of the high frequency harmonic content in the battery current
than the usual L-filter. Thus, in the low frequency region, as
the sum of L1 and Ly is smaller than the L-filter inductance,
the voltage drop across the LCL filter is lower than the L-filter
case. As a result, the DC losses are lower. The LCL filter is
designed primarily from L; ripple current, DC voltage levels
and selected switching frequency; and then taking into account
the components ratio and frequency response of battery filter
[11].

Our proposal for regulating the converter of Fig. 1 is
a hysteretic control because it is simple and can provide
a fast dynamic response with a wide regulation range and
additionally it will make the system to oscillate without an
external oscillator. This kind of switching converters are tradi-
tionally named as self-oscillating converters [12]. Although the
hysteretic control in power electronics is well-known since the
early years of power supplies research, the resulting variable
switching frequency and the required non-linear analysis for
its design have relegated its use to specific applications in
power distribution systems in satellites. However, the hys-
teresis control has recently undergone an important revival in
the implementation of voltage regulation modules (VRMs),
microgrids, distributed power generation systems, and other
applications [13], [17].

In Fig. 1, transistors 77 and T» are activated out of phase
by means of signal u, so that when one transistor is in the ON
state the other one is in the OFF state and vice-versa. Note that
in the unidirectional direct mode, Dy opens when the current
through it tries to reverse after reaching zero in the OFF state.
To facilitate this reversal, transistor 75 is connected in parallel
to carry the current. A dual reasoning leads to the inclusion of
a diode in parallel with the transistor 7. The control strategy
is given by a hysteretic control law with the following output

values
u(t) = {O . _
1 if o(t) < —h or |o(t)] < h and o(t™) = —h
ey
where o is the input to the hysteresis controller and ¢~ is
the last instant when the control signal hit the switching
boundaries defined by +h.

However, in spite of the simplicity of both converter topol-
ogy and control of the system depicted in Fig. 1, a rigorous
analysis of its dynamics showing the main guidelines for an
optimum design is not a simple task due to the nonlinear

if o(t) > +h, or |o(t)| < h and o(t™) = +h
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Fig. 1. Hysteresis control-based of a bidirectional buck converter with output
inductor.

behavior of the power stage and the regulation loop. In the
work here reported, we undertake the design-oriented analysis
of the bidirectional structure of Fig. 1 by means of three
different approaches: 1) Describing Function (DF) [18]. 2)
Tsypkin technique [19] and 3) sliding mode (SM) control
based on the equivalent control method [20]. A comparison
among the different approaches is also carried out. The re-
maining of this paper is organized as follows. In section II
the system description and modeling is addressed. Section III
will deal with the DF-based analysis of the system dynamic
behavior. The Tsypkin method is applied in Section IV to
the hysteretic controlled system including a compensating
network. Section V will present more analytical details on the
system dynamic behavior by using a SM approach. Section
VI shows some numerical simulations from a switched model
of the system and discuss the problem of coexistence of
multiple limit cycles detected in the system. Experimental
validation of the results obtained by numerical simulations
and theoretical predictions is illustrated in Section VII. Finally
some concluding remarks are drawn in the last section.

II. SYSTEM MODELING

The LCL filter in Fig. 1 is modeled as a transfer function
L(s) that relates the output current of the stage to the applied
square wave voltage u . Note that the current ¢34, through the
battery is the same as i through inductor L. The expression
of the transfer function L(s) is given by

ILQ(S) 1
:: L P—
Ur(s) (5) a3s® + ass? +ays + ag

2)

where
as = C1Lq1 Lo, as = C1(L1ra + Lar1)
ay = Cyrira + L1 + Lo, ag =11+ 12

r1 represents the parasitic resistance in the inductor L; and
ro is the sum of the parasitic resistance of Lo and the internal
resistance in the battery bank.

The fact of using a hysteresis control will lead the converter
to a self-oscillating mode, where the switching frequency fj is
fixed by the value of the hysteresis width h and the parameters
of the linear part of the system. Hence, the voltage at the
LCL filter input switches between two values (up = V.
and ur = 0) with a certain duty cycle 6 and switching
frequency.

III. DESCRIBING FUNCTION-BASED ANALYSIS
A. Describing function technique

The DF is a quasi-linear approximation of a non-linear
element by a linear system that depends on the amplitude of
the input waveform. This method can be explained by means
of the decomposition of the system in a linear and a nonlinear
part [18]. The frequency response L(jw) of the linear part
must have a low pass filter behavior and the nonlinear part
must be symmetric and time invariant.

In this technique, the reference input is set to zero and
the amplified error signal o(t) is approximated by its first
harmonic (o(t) = 57 sin(wt)), where Sy is the amplitude and
w is the oscillation frequency '. Due to the nonlinear element,
the output is distorted so that the signal up is periodic in
steady state but non sinusoidal. The first harmonic of wp(t)

is up1(t) = Uy sin(wt + ¢y (w)), where Uy = |[N(Sq, jw)|S:
and ¢y (w)) = £LN(S1, jw). The DF of the nonlinear element
is defined as follows
. Ui Zopn (w
N(S1,jw) = =g ﬁlN( ) 3)

After this quasi-linearization, the oscillation condition be-
comes the same as the Nyquist condition for marginal stability
in linear feedback systems, i.e.,

1
N<Slajw)

Note that the accuracy of the DF approach can be improved
if high order terms are included in the analysis. However,
the traditional use of this approach is based only on the first
harmonic component.

The intersection points of —1/N(Sy, jw) and L(jw) gives
the possible limit cycles of the system. Depending on
the behavior the linear part L(jw) and the nonlinear part
—1/N(S1, jw), more than one limit cycle may coexist for the
same set of parameter values.

N(S1, jw)L(jw) +1 =0 = L(jw) = — @)

B. Describing function of the hysteresis element

The DF of the hysteresis element can be obtained by
developing its output as a Fourier series. The periodic square
wave up can be expressed by a Fourier series, as a sum of
sinusoidal components at the switching frequency wg and its
harmonics

oo

Z 1 sin(ndm) cos(nwot)  (5)

n

2
wp(t) = Ve + Vdc

Taking the first harmonic of this series and performing the
ratio between it and the amplitude of the input, the following
expression for the describing function of the hysteretic con-
troller is obtained [18]

):Ulzqu:szc( L .h) ©

N(S1, 7 -
(S, jw S 751 52 75,

IThe terms switching frequency and oscillation frequency have been used
in the paper interchangeably.
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C. Study of the hysteresis controlled system without compen-
sating network

In the complex plane, (6) is given by a real part and an
imaginary term set by the relay amplitude and hysteresis
width. The term —1/N(Sy, jw), which is used for determining
the possible limit cycles, is given by

1 7T

_ —_ 2 _ K2 .
N(S1 ) 2vdc(V51 ’””) @

Fig. 2(a) shows the plot of this term together with the Nyquist
plot of the LCL filter for the set of parameter values shown
in Table I. Note that the term (7) is very small for the set of
parameter values used (1/N(S7, jw) ~ 0.0017).

According to this figure, a stable limit cycle appears in Zone
A. The amplitude of the battery current corresponding to this
limit cycle is ~ £50 A and its frequency is fy ~ 2.3 kHz.
These data were obtained from direct numerical simulations
of the system.

Despite obtaining a stable limit cycle, its amplitude is quite
high, and therefore this limit cycle is not suitable for battery
charging. Moreover, the oscillation amplitude and frequency
cannot be controlled by the hysteresis width.
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Fig. 2. Frequency response G.(jw) and the DF of the hysteretic relay. (a)
Overall view. (b) zoom in the desired limit cycle zone.

TABLE I
PARAMETER VALUES USED UNLESS OTHERWISE NOTED. VALUES NOT
STATED HERE ARE EITHER STATED IN THE TEXT OR IN THE FIGURE

CAPTIONS.

Parameter Value Parameter Value

Power circuit
1 0.63 Q) L1 4.7 mH
9 03 Q Lo 0.54 mH
Vie 300 V Vbat 124 V
C1 10 uF

Control circuit
Ry 10 k2 Cy 470 nF
Ke 0.66 Te 0.63 ©
Uhat +3 A h 0.33

D. Introduction of compensating network

A necessary condition for controlled oscillations in a relay
feedback system is that the relative degree of the transfer
function of its linear part should not exceed 2 and that all
the roots (poles and zeros) must be located in the left half
side of the s-plane [19]. In the present case, as the relative
degree of transfer function L(s) is 3, the oscillation of the
control signal o will not be bounded between the hysteresis
width limits. To overcome this problem and in order to obtain
a limit cycle with different features, a compensating network
is added in the feedback loop. To compensate the system, we
propose to reduce the relative degree of its linear part by means
of a parallel stage (dashed line in Fig. 1) with a second order
transfer function K (s) given by

Ke TfS

Kis)=———"—
(s) Les+retps+1

®)
where it can be observed that it consists of a low-pass filter
(L, rc) cascaded with a high-pass filter, whose time constant
is 7y = RyCYy, in a clear-cut contrast with [10] where a simple
PI compensator was used.

The whole effect of these two cascaded filters is an indirect
measurement of the AC component of the current ;. As a
result, after inserting the compensating network, the modified
LCL filter is a system with relative degree 1 and whose transfer
function G.(s) = Ipat(s)/Ur(s) becomes

B484 + 3383 + 3282 + Bls + BO

G, —0 =
(S)|Vbat 0 A585 + A454 + A383 + A252 + A15 + AO

where Ay and By are coefficients that depend on both power
plant and compensator parameters.

For k. = 1 and taking L. and r. larger than the values of
L, and r; respectively, it can be ensured that all poles and
zeros of the transfer function G.(s) are in the left side of the
s-plane. Thus, in this range, G.(s) is a stable minimum phase
system. This condition guarantees the local stability of the
system. The study of the DF in the compensated system, with
the parameter values considered, shows that the current in the
output of G.(s) has a frequency of 3.2 kHz with an oscillation
amplitude of about =~ 50 A (Fig. 2, zone A), corresponding to
a stable limit cycle but inappropriate to the battery charging
as in the uncompensated system. On the other hand, in Zone
B, with the same set of parameter values of Table I and for
L. = L, there exists an operating point that determines a

€))
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current output stage that provides very low ripple (less than
40 mA) and a frequency fy =~ 13 kHz, (Fig. 2, enlarged
Zone B). Note that in this kind of applications, this value
of switching frequency is acceptable. A relatively small ratio
between L; and L. makes a small amplitude limit cycle to
appear in the system. In this case, an approximated expression
for the oscillation frequency can be obtained by solving Eq.
(4), which in the high frequency range, and assuming S1 = h,
can be approximated by

2/€chc _
L.hmw

and when solved for w, the following expression for the
oscillation frequency fy is obtained

1

(10)

o ’ichc
fo= hL.m2

For the set of parameter values shown in Table I, a switching
frequency fo ~ 13 kHz is obtained, which is in good
agreement with the numerical result obtained by the graphical
approach shown in Fig. 2. It is worth noting here that in spite
of the good matching between these results, the DF method
is an approximating approach which has some limitations. In
fact, this method does not consider that the stage has asymmet-
rical hysteresis output levels and, is unable to determine the
duty cycle under which the converter is operating. Moreover,
the value of the obtained switching frequency is not accurate as
it will be shown later by using either a more precise numerical
frequency domain approach (Tsypkin method) [19] or a time
domain analytical sliding mode approach [20].

Y

IV. TSYPKIN-BASED APPROACH

The self-oscillating DC-DC bidirectional converter can be
considered as a linear system with a square wave periodic input
ur. The output of the system 4y, Will be also periodic with
the same period and it will be composed of a DC component
ipqto and an AC component Ebat. According to (5) and (9), the
battery current is determined by the following equation [10]

iar) = (5 Vit ) 160001+ (2426 - 1) G.(0)

Wi |G (nwo)|
+ ™ Z n

sin(ndm) cos(n(wot — 07) + @)

n=1

12)

where 0 is the duty cycle, ¢ = ZG.(nwp) and |G.(0)| is the
DC gain of the system. The variation of the battery current
reference signal iy, is comparatively slow with respect to the
periodic term of the battery current, so that the input reference
may be considered constant during the period T' = 27 /wy.
From [19], the conditions for the existence of oscillations in
this DC-DC converter are given by

5(6T) = (it — (V; - vbat) 1Go(0)] = #at (6T)) = —h
o0) = i = (22— Vi ) [Gul0)] ~ (1)) = +h

G(0T7) <0, 6(T7)>0 (13)

The value of wy and § can be obtained by a frequency do-
main method consisting in plotting the Tsypkin locus defined
by

(14)

Fig. 3 depicts these curves for different values of the duty
cycle 6 and switching frequency. For high values of w, the
corresponding curve tends to a value in the imaginary axis
delimited by the term (26 — 1)|G.(0)|.

Ti(w)
50
50 0 =041
40 M
)]
K 2
=30 % = N
- -
ERN if
7 20 2
g £
=1 =i
10
0
. . 10 .
0 20 40 -40 =20 0
Real part Real part
(@)
Ti(w) Ts(w)
26 28
= 0.42\ 0 = 0.41
24 26 {=0
22 24
E] E] §=044
g 20 g 2ot =0
? 18 ? 20
£ £ )
3 3
g 16 €18 A
A = 0.44 = Zone B
14 16
12 14
10 12
0 2 4 6 8 -6 -4 -2 0
Real part Real part

(b)

Fig. 3. Tsypkin locus for various values of duty cycles d. (a) Overall view.
(b) zoom in the desired limit cycle zone.

The Tsypkin function is a series with an infinite number of
terms. However the convergence of this series is guaranteed by
the fact that the transfer function G,(s) is fifth order minimum
phase system with relative degree one. As a result, only the
sum of the first terms of the expressions is enough to calculate
the Tsypkin locus. In our case a number of terms equal to 10
was used. This is justified by the fact that G.(s) has a low pass
filter behavior which allows neglecting harmonic components
of order higher than 10. A limit cycle exist if the Tsypkin
locus intersects the respective straight lines r; and rs given
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by

2

Vae
R[rs] <0, Srs] =—ip,, —h+ ( ;

Vae
R[r] >0, Slr]=—if,; +h+ ( de Vbat) |G.(0)]

- vzm) 1Go(0)] (15)

In this case, for the same set of parameters considered above
with i, = +3 A, the intersection points between the
respective Tsypkin locus and straight lines 7y and rs yields
two possible zones A and B (Fig. 3). Zone B determines a
stable limit cycle with fo ~ 16.8 kHz and = 0.42. Zone
A gives a stable limit cycle with high amplitude oscillations
(= =50 A) and a switching frequency f, = 2.3 kHz. For the
case of the boost mode (i;,, = —3), the obtained switching
frequency and duty cycles are fy ~ 15.2 kHz and § ~ 0.36.
It should be noted that in addition to these stable limit
cycles, another unstable one coexists with them. The os-
cillation switching frequency of this unstable limit cycle is
fo =~ 3.6 kHz. Note also that in terms of the switching fre-
quency and oscillation amplitude, similar results are obtained
from both the DF method and the Tsypkin approach in the case
of the unpractical low frequency limit cycle. However, in the
case of the desirable limit cycle, the results are quite different
and more accuracy is obtained from the Tsypkin method.

V. SLIDING MODE APPROACH

A. Variable structure system model

In the above sections, the analysis of the proposed hysteretic
controlled system has been performed in the frequency domain
and by a numerical procedure. However, this system also
allows an analysis in the time domain using an analytical ap-
proach [21], [22]. The bidirectional DC-DC converter with the
compensating stage can be considered as a variable structure
system which could be modeled by the following expression

x = (Ax +d) + (Bx + c)u (16)

where the vector of state variables is x = (i1, v1, 42,4, v5)’
and matrices, A, B, ¢ and d are defined by

1 1
AR 0
L L
L 1 0 1 L 0 0
Cy ) 4
T2
A = _ __Z
0 Lo Lo (1_ 0 ’
0 0 0 -=
L.
Cy  RiCj
0 Vdc
0 Ly
Vi}at O
d=| 7. |, B=0o, c=| o (17)
_ /chiat KeVae
L. L.
0 0

and u is the binary driving signal which is equal to 1 during
the ON phase (77 is ON) and it is equal to O during the OFF
phase (1} is OFF).

B. Equivalent control

At this point, we proceed to perform the time domain
analysis of the system using the sliding mode approach based
on the equivalent control method [20]. For this purpose we
define the sliding surface as ¥ = {x|o(x) = 0}, where o(x)
is given by
(18)

0 =FKij, —1x=0

15, 15 the desired constant value of the steady state battery cur-
rent and r is the feedback vector given by » = (0,0, 1,1, Ig—i)
The corresponding gradient of the surface is Vo = —r, where
V stands for the gradient operator. To fulfill the transver-
sality condition, it must be verified that the scalar product
Vo - (Bx + ¢) # 0. This scalar product in our system is

Vd c
L.

It can be observed that, for k. = 0, the transversality condition
is not fulfilled and therefore no sliding mode exists in this
case. This explains why a limit cycle with both controllable
frequency and amplitude does not exist as it was shown by
using the DF approach. However for x. # 0, the transversality
condition is clearly fulfilled and a sliding mode exists. In
this case, an expression of the equivalent control u., can be
determined as follows

Vo - (Bx+c) = —kk. (19)

Vo (Ax+d)
Vo - (Bx+c)

This equivalent control is bounded by the minimum and
maximum values of the control signal w.

(20)

Ueq =

0< tteg < 1 @1
In our system the expression of u., is given by
e — Lc(Tgig + Voat — Ul) rebe + KeViat
“ LQKchc Hchc
L.(Rysi. —
(2 fie = vf) 22)
Rfo Iichc

By substituting (22) in (21) we can determine the region of
the design parameter space and the state space where sliding
dynamics may exist. Note that the equivalent control is both
state and parameter dependent.

C. Ideal sliding dynamics and its equilibrium point

The region of state space where (21) is fulfilled gives the
sliding manifold where sliding dynamics exist. In this region
the equations governing the dynamics of the system can be ob-
tained by substituting in (16) the switched control signal u by
the continuous equivalent control signal u.,. Note that there is
also an order reduction in the system dynamics due to Eq. (18).

The single equilibrium point Xcy = (Ir1, Ir2, 1., Vy)
of the sliding dynamics is given by
I = b= iy, 1= a2 T)
Tec
. Kelr (r14+12)Ry
Vi = raifar + Voat,  Vy = Sl TR oy

Tc
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The corresponding equivalent control Uy, for this equilibrium
point is:

(r1 +72)i50 + Voat
Vdc

which corresponds to the duty cycle of the converter. Since the
ideal sliding mode dynamics for the bidirectional converter is
linear, the stability of the equilibrium point can be studied
by applying the Routh-Hurwitz criterion to the characteristic
polynomial. This polynomial is fourth order due to the order
reduction imposed by the constraint defined in Eq. (18).

All constraints imposed by the Routh-Hurwitz criterion are
fulfilled and therefore the equilibrium point is stable. It is
worth to note that the order reduction make the stability
analysis more simple due to a reduced order characteristic
polynomial of the linearized system.

Ueq = (24)

D. Operating switching frequency

Once the system is working in SM, it can be considered
that the waveforms of the control signal ¢ are triangular. The
switching frequency fy is given by:

s 1 1 1 monmosy
0= == = —
T ton + toff 2h Moy + Moy f

(25)
Mon and M,y being the slopes of the control signal o during
for u = 1 and for u = 0. These slopes are given by:

Mop = VO - 5(|u=1 = Vo [(AX + d) + (BX + C)]
Moff =—V0 - X|y=0 = —Vo - [Ax +d]

(26)
27)

By substituting (26)-(27) in (25), and assuming steady state
operation, the following expression for the switching fre-
quency is obtained:
Io = g (P12t Vo) (Vae = Voot = (r1+72)i0)
cVde

(28)
It can be observed that this switching frequency is parame-
ter and state dependent and that a linear relationship exists
between it and the feedback compensator gain x. (or equiv-
alently x). Note that, in a hysteretic controller, the switching
frequency depends on the gain x. and the hysteresis width h.
For the system parameters considered in this paper, switching
frequencies fy ~ 13 kHz and f; ~ 15 kHz are predicted from
the DF and the sliding mode approaches respectively.

VI. TIME DOMAIN NUMERICAL SIMULATIONS
A. System performances

In order to verify the previous theoretical predictions, time
domain simulations have been carried out using the switching
model of the system. These simulations show that the SM
dynamics is achieved in both buck and boost modes where
power flows from the high voltage side V. to the low voltage
side V344 and vice-versa. The change from one mode to another
has been carried out by inverting the sign of the reference
current ;. Figure 4 shows the waveforms of the battery
current 74, the input current 4, the reference current ¢,y and
the switching function ¢ for the buck mode, the boost mode
and during transition between them. The current reference is

changed from -3 A to +3 A at £ = 333 ms and from +3 A
to -3 A at t = 777 ms. The current reference is changed
gradually using a RC filter whose time constant is 1 ms. It
can be observed that sliding dynamics is guaranteed before,
after and ever during transition. An oscillation frequency of
about 15 kHz is obtained in the buck mode which is in perfect
agreement with expression (28). In the boost mode, a smaller
switching frequency is obtained which can also be predicted
by (28) if the sign of ¢}, is inverted. It can be noted that the
results given by the Tsypkin method and the SM approach are
in a good matching while the DF-approach contains significant
error. The accuracy of the DF approach can be improved by
increasing the number of high order harmonic components
but this will be at the expense of simplicity. Note also that
traditional use of the DF approach, only the fundamental
component is considered.

T is
3 3 .
| Buck mode |
2 ! |
i |
= ; .
e 1 o | | |
. |
* o
o | |
-8 |
e _l{ : ‘
- | | i ]
_2\ Boost mode : {Boost mod
—
-3
» ‘ ‘ ‘ ‘ |
0 200 400 600 800 1000

Time [ms]

Fig. 4. Waveforms of battery current 4,4, input current i1, reference
current %, ¢ and switching function o for buck mode, boost mode and during
transition.

VII. EXPERIMENTAL RESULTS
A. System description

To verify the theoretical hypothesis, an experimental pro-
totype has been developed. The schematic circuit diagram of
both power stage and control circuit is illustrated in Fig. 5.
The implemented circuit uses a SEMIKRON educational mod-
ule including: 3-phase inverter, a 1100 uF input capacitor
connected at the module DC-link, and a SKHI22A up-down
drivers to couple the inverter IGBT’s to an external control.
One of the inverter legs is the power stage of our system. It is
worth noting that the maximum switching frequency limit of
this module is about 18 kHz. Also, we can observe the LCL
filter (L1=4.7 mH, L2=540 pH, C1=10 uF) and a battery bank
consisting of nine car batteries of 12 V 50 Ah connected in
series.

The control stage includes two different parts. The first part
is a hysteretic comparator giving the IGBT’s switching signal
u comparing an error signal o with zero. The second part
gives the difference o between a current reference 4;,,,, and the
indirect measure of 7;. This indirect measure avoids the use of
an expensive hall-effect sensor and is realized combining two
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Fig. 5. Schematic circuit diagram of the experimental prototype.

signals, the battery current (average value of ¢;), and the signal
given by a circuit that evaluates the inductor ripple current
from the voltage difference between inverter output Vy and
battery voltage Viq:.

The system is fed by a 300 V power supply. During the
discharge or boost mode, to avoid a negative current in the
power supply, a series connection of a diode and a shunt
resistor of about 80 ) to dissipate the power delivered by
the converter have been included. Depending on the state-of-
charge, the battery bank voltage will be between 113 V and
139 V.

B. Circuit Performance

Oscilloscope captions of figure 6 show a good agreement
between theoretical predictions and experimental results. The
first oscilloscope caption shows a buck-mode experiment,
whereas the other caption depicts a step-up (boost) mode test.
In these captions, CH1 shows the current delivered by the
power supply to the DC-link. CH2 shows the voltage at the
half-bridge output port, where the LCL filter is connected.
This signal is used to measure the system switching frequency.
Channels CH3 and CH4 depict respectively the battery input
current and voltage. Note that the battery current is always
flat. As it can be seen in Fig. 6(a), during the buck or charging
mode the current is positive, the battery voltage increases up
to 139 V and the switching frequency is 16.55 kHz, whereas in
the boost or discharging mode (Fig. 6(b)), the battery current is
negative, the voltage decreases until 113 V, and the switching
frequency is 14.93 kHz. The expected pulsating half-bridge in-
put current ¢4. appears smoothed by the SEMIKRON Module
DC-Link 1100 pF capacitor as proven by both oscilloscope
captions. Figure 7 shows the experimental measurements
corresponding to the waveforms of battery current o, input
current ¢y, reference current 4,..y and switching function o for

the different modes (buck and boost) and during transition
between them. It can be observed from the detail of the
control signal o (Fig.7(b) ) that sliding dynamics is maintained
before, after and ever during transition as it was predicted
by numerical simulations shown in Fig. 4. It is worth noting
that the system keep its self-oscillating features even when the
battery current is zero.

VIII. CONCLUSIONS

The dynamical behavior of a bidirectional self-oscillating
DC-DC converter with a BESS has been studied in this work.
Different approaches are combined in order to uncover the dy-
namic properties of the system. Frequency domain approaches
based on DF and Tsypkin method have been used to illustrate
the self-oscillation features of the system under hysteretic con-
trol. First, the system without compensating network has been
proved to present a limit cycle behavior with both undesirable
high amplitude and low frequency oscillation. The compen-
sating network is designed to provide a signal proportional
to the AC component of the input current in the LCL filter
which results in a limit cycle with appropriate features. The
sliding mode approach has shown that without compensating
network, sliding mode dynamics does not exist. Then, it has
been demonstrated that introducing a compensating network in
the feedback loop of the current controller, results in a another
practical limit cycle which corresponds to a sliding equilibrium
point. The sliding mode approach is straightforward and allows
to obtain analytical design criteria such as closed loop poles
and steady state switching frequency that can be obtained from
closed-form expressions. Experimental measurements in a low
power prototype have been used to validate the numerical
simulations and the detailed theoretical predictions. The study
reveals that the system works appropriately in both buck and
boost modes.
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Fig. 6. Experimental time domain waveforms. (a) Current flows from Vg to Viq: (buck mode), (b) Current flows from Viq: to V. (boost
mode). CH1: i4., CH2: Voltage ur, CH3: Current i5,:, CH4: Battery voltage Viqa:.
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Fig. 7. Experimental time domain waveforms. (a) Response of the system when a change from the buck mode to the boost mode is required.
CH1: o, CH2: iycf, CH3: ipqt, CH4: 41. (b) Detail of o and %,.y during transition from buck mode to boost mode showing that sliding
dynamics exist and is maintained during transition. The current reference is changed gradually using a RC filter whose time constant is 1 ms.
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