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Bidirectional dc/dc power converters with current limitation based on
nonlinear control design

George C. Konstantopoulos and Antonio T. Alexandridis

Abstract— A new nonlinear controller for bidirectional dc/dc
power converters that guarantees output voltage regulatio with
an inherent current limitation is proposed in this paper. In
contrast to traditional single or cascaded PI controllers vith a
saturation unit that can lead to integrator windup and insta-
bility, the proposed controller is based on a rigorous noniear
mathematical analysis and, using Lyapunov stability theoy, it
is proven that the current of the converter is always limited
without the need of additional saturation units or limiters. The
proposed concept introduces a virtual resistance at the ingt
of the converter and a controllable voltage that can take bdt
positive and negative values leading to bidirectional poweflow
capability. The dynamics of this voltage are proven to remai
bounded and with a suitable choice of the voltage bound and
the virtual resistance, the upper limit for the converter current
is guaranteed at all times, even during transients. Simulabn
results for a bidirectional converter equipped with the proposed
controller are presented to verify the current-limiting capability
and the desired voltage regulation.

I. INTRODUCTION

the nonlinear model of the system, such as sliding control
[8], [9], [10], [11] or passivity-based control [12], [13],
[14], [15]. These advanced nonlinear control methods can
guarantee nonlinear closed-loop system stability based on
strong mathematical theory but in most of the cases require
the information of the system or load parameters that may
vary depending on the application.

Although several nonlinear controllers have been recently
designed for dc/dc converters to guarantee closed-loop sys
tem stability and convergence to a desired equilibrium thase
on Lyapunov theory [16], [17], [18], [19], an upper limit for
the converter current cannot be guaranteed at all times, i.e
under changes of the load, input voltage or reference signal
Such a high current can be damaging for the converter in
real applications. To overcome this crucial issue, tradai
control methods introduce an inner current control loop
with a saturation unit to limit the reference value of the
current obtained by the outer loop [20]. However, as pointed

DC/DC power converters are known to convert a dc inpusut in [21], these saturated controllers introduce two main
voltage to a higher or lower level at their output and argirawbacks: i) although the reference value of the converter
widely used in renewable energy systems [1], [2], energyurrentis limited, the actual value can violate the limitidg
storage systems [3] and micro-grids [4], [5], [6]. Althoughtransients and ii) saturated integrators can lead to iategr
for the cases of photovoltaic systems or dc loads, a unidire@r windup and instability. To this end, a current-limiting
tional power flow is required, there are applications such aspntrol method for different types of dc/dc converters was
battery energy storage systems and electric vehicles vehereecently introduced in [21] to achieve accurate regulation

bidirectional dc/dc converter is essential. Hence, therobn and current limitation without any saturation units. Theima
design of these bidirectional converter applications iag/d  disadvantage of this method is that it can be applied only to
a lot of attention recently due to the rising integration ofinidirectional dc/dc converters; hence it is not applieatbl
storage systems to the power grid in order to guaranteee@ergy storage applications.
stable and reliable operation. In this paper, a new nonlinear current-limiting controlker
The operation of bidirectional dc/dc converters is basedesigned for bidirectional dc/dc converters without reipgi
mainly on pulse-width modulation and considering a higlknowledge of the load or converter parameters. The proposed
switching frequency, the nonlinear average model of theontroller introduces a constant virtual resistance and a
converter can be obtained in order to design a suitable@ontiarying voltage based on nonlinear dynamics that aim to
method. The most widely used technique for regulating thgccomplish the desired output voltage regulation. Inspire
voltage or current of a bidirectional dc/dc converter isngsi by the enhanced version of the bounded integral controller
traditional single or cascaded PI controllers [7]. Based ofp2], the voltage dynamics are formulated to satisfy given
linearization and the small-signal model of the convertepounds and can take both positive and negative values en-
traditional PI controllers can be designed to guaranteal locabling the bidirectional power flow, required by the coneert
stability of the desired equilibrium point. However, thEapplication_ Based on nonlinear input-to-state stab{li§s)
nonlinear dynamics of the converter dictate a need to desi@ileory, the converter current is rigorously proven to remai
advanced control methods that can be applied directly timited below a given maximum value that can be provided
by the technical requirements of the converter. To verify
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the theory and validate the effectiveness of the proposed
controller, a bidirectional dc/dc converter equipped vitie
proposed current-limiting controller is tested by simidas

in Matlab/Simulink using the Simpower Systems toolbox. It
is shown that under several changes of the load, the output



control design.

The rest of the paper is organized as follows. In Section
I, the nonlinear dynamic model of the bidirectional dc/dc y, —— " _I:
converter is presented and the desired problem is fornuilate
In Section lll, the new current-limiting nonlinear control
scheme is provided and the dynamics of the controller an
analyzed. In addition, it is shown that under a suitable @hoi
of the controller parameters, the current-limiting prapeaf Fig. 1. Bidirectional dc/dc power converter
the converter is guaranteed independently from the doecti
of the power flow. In Section 1V, simulation results illudga

voltage regulation is accomplished under an inherent atirre Y
protection of the converter, introduced by the proposed L i i\
C

®

the proposed controller performance and in Section V the !ll. PROPOSED CONTROL DESIGN AND ANALYSIS
conclusions of this work are drawn. A. The proposed controller
Il. BIDIRECTIONAL DC/DC POWER CONVERTER MODEL The main goal of this work is to design a controller that

The bidirectional dc/dc converter shown in Fig. 1 consistsan be applied to bidirectional dc/dc converters to achieve
of two switching elements, an inductdr at the input and output voltage regulation and a current-limiting capapili
a capacitorC' at the output. The dc input voltage of thewithout saturation units that can lead to instability. The
converter is represented d§,, while the output current proposed concept is based on the idea of partially decou-
is denoted asi;, which can be positive or negative topling the inductor current dynamics, introducing a constan
represent a load or a source at the output of the convertiftual resistance and a bounded controllable voltages Thi
respectively. The converter is operated using pulse-widtfpounded voltage will guarantee the desired upper limit for
modulation with a high switching frequency and the twdhe converter current independently from the direction of
switches are controller in a complementary manner, i.éhe power flow (positive or negative current). Hence, the
whenw is closed theri is open and vice versa. Under theproposed controller takes the form:

common assumption of a high operating switching frequency roi+Vin — E
and continuous conduction mode, using average theory, the Uu=1- —-, (3)
continuous-time dynamic model of the bidirectional dc/dc v
converter can be obtained as shown below [12]: wherer, > 0 represents a constant virtual resistance &ral
controllable voltage which introduces the following nowar
di dynamics:
i —(1—=u)v+ Vi, Q) 2
- 21 21
dv C (—wi-iy @ E=—-k (E%T + E, 1) E + cE; (Vrey —v) 4)

dt
wherei andv are the inductor current and capacitor voltage, F, = —k (— +E} - 1) E, - %w, (5)
respectively, and represent the system states whike the m m
control input representing the duty-ratio of the conveated whereF, is an additional control state, &, E,,, are positive
is limited in the ranggo0, 1]. Note that the dynamics of the constants,! > 1 € AN and v,.s represents the desired
bidirectional converter are nonlinear due to the teams&nd  converter output voltage. To further understand the chofce
ui, which make the control design and stability analysis e controller dynamics (4)-(5), let the following Lyapuno
challenging task. Furthermore, when= 1, it is clear from function candidate
(1) that the inductor current will continuously increaseal an 2 B2
will reach high values that can cause damage to the converter W=—" 47 (6)
Hence, maintaining the inductor currentimited below a EZ, !
given maximum value is crucial in converter applications. Taking the time derivative df’ and incorporating the control

Although traditional control techniques introduce a cassystem (4)-(5), then

caded control structure (outer voltage controller and rinne

current controller) with saturation units, the current @t n Woo— 2EE L oEAE

maintained limited during transients and saturation urets B2 q 1

lead to instability. To this end, very recently, a current- E2 E2  2cEE?

limiting control for dc/dc converter was introduced wittiou = -2k <E_2 + B2 - 1> =t Tq(vrej' —)
suffering from windup and instability to overcome these ’; m i

issues [21]. Nevertheless, this controller can be onlyiedpl 9k (E_ + B2 1) B2 2cEE, (Ve — v)
to unidirectional dc/dc converters and does not allow bitlir EZ 1 ! EZ T

tional power flow; hence cannot be applied in energy storage ok <E_2 L 1> <E_2 N E21> @
systems and electric vehicles. o E2, q E2, a |-



It is clear from (7) thati¥’ is negative outside the curve
E2 21
Wo=qE,E,€eR:  +E; =1

= ®)

and positive inside except from the origin, whéiié = 0.
Therefore, for any initial conditiong, and £,y except from
the origin, the controller state trajectory will be attieatton

the curveWW,. From (7), one can realize that the larger the

gain k, the faster the attraction on the curMg. Forl =1,
Wy represents an ellipse on tiie- E, plane while forl > 1,
W, takes the form as depicted in Fig. 2.

Based on the Lyapunov analysis, sinté is negative
outsideV,, then considering the sét= {W(E, E,) < 1},

}7

then W < 0 outside ofS since the curvéV, is contained
inside and on the boundaries 8f This can be easily proven
if one takes into account that> 1. Hence, every trajectory
starting inside the sef will remain in the set for all future
time. As a result, for any initial conditions, andE4 inside
S, the controller states will satisfy

E2(t)  E2M(t)

q
E2 l

21
-4 <1
;=

2

B

m

S—{E,EqER:

<1,Vvt >0,

yielding
|E(t)| < Em, Yt >0,

which results in a bounded voltage below a given value

-==I=1 =2 1=20

Fig. 2. Wy for different values of

pel-EuE1 () §n,

Fig. 3. Equivalent circuit of the closed-loop system

B. Current limitation
By applying the proposed controller expression (3) into the

E,, that can be selected by the controller operator. Thereforgonverter dynamics (1)-(2), the closed-loop system eqnati

Eec|-FE,, E,]forall¢>0.

For an arbitrary large constaht the controller state&
andE, are quickly attracted and remain closeéty resulting
in the dynamics

E~ cEgl(vTef — )

CcEE (vyef —v)
E2 ’

As it can be seen from Fig. 2, for a largethe controller

9)

B, ~— (10)

for the inductor current becomes
di
Ldt N
and it is obvious that-, represents a virtual resistance in
series with the converter inductdr. The equivalent circuit
diagram of the closed-loop system is shown in Fig. 3.
In order to investigate how the selection of the virtual
resistance and the bounded controller dynamicsFofre
related to the desired current-limiting property, let theal

—ryi+ E, (11)

state £, will be closer to the value 1 for the entire rangepunov function candidate

of E € [-E,,, Ey,]. Hence, the dynamics of, are faster

sinceEq takes larger values in (5) compared to a case with

a lower!. Then, the voltage dynamics (4) approximate th
dynamics of the integrator

E~ c(Vpey — v),

where ¢ represents the integral gain (for more details the

reader is referred to [22]). Hence, (4)-(5) represent bednd

integral control dynamics without the need of a saturatioaiven the bounded voltagk <

unit that may lead to instability.

that
Considering(Ey, E4) # (0,0), the possible equilibrium
points of the controller dynamics are any points on the

curve Wy that satisfy: i)v = v,.¢, which corresponds the
the desired output voltage regulation or {iE., E,.)

(£En,0), corresponding to the case of current limitation

as explained in the sequel.

1
V= §Li2

For closed-loop current dynamics (11). The time derivative

of V yields

0
Lid—z = —ryi + Ei

—ryi% 4+ |E||i| € —ryi® 4+ Ep |i],

<
[—Em, En], which implies

Ty
Ew | then it holds that

Em

v

V<0,V >

Hence, if initially |4(0)| <

li(8)] <

, V>0, (12)



TABLE |
SYSTEM AND CONTROLLER PARAMETERS

Parameters| Values || Parameters | Values |
L 2 mH 1 50
C 50 uF k 1000
Vin 100 V c 10
Ry, 150 Q2 En 10V
tmax 5A Ty 20

due to the invariant set property. Based on the desired
current-limiting property, it should hold true that

|i(t)] < imaz, ¥t >0, (13)

for a given maximum valué,,,, of the inductor current.
Then by combining (12) and (13), one can suitably select the
parametersd,, andr, in the proposed controller in order to
satisfy

E,, = ryimaz- (14)

Hence, any selection of the constant and positive parameter
E,, andr, that satisfy (14) results in the desired current-
limiting property (13) of the converter inductor currentié:
pendently from the load or system parameters (e.g. converte
inductance, capacitance).

Note from the closed-loop dynamics (11) together with
the controller dynamics (4)-(5) that when at the steadyestat
there isv = v, = v,cf, then E = E, on the curvel, and
the value of the inductor current becomgs= f— Since
E. € [-En, En], then the inductor current can be both
positive and negative satisfying the bidirectional operat

of the converter. Whel, = E,, theni, = ET—"L = mae @nd
whenE, = —E,, theni, = —Pf—m = —imaz COrresponding

to the current limitation of the converter in both directon
of the current.

It should be underlined that opposed to the existing
traditional current-limiting controllers, the proposedstyn
maintains the current limited during transients, as prdwen
the nonlinear ISS property and does not require any external
limiters or saturation units that can lead to instabilithigh
highlights the superiority of the proposed controller.

IV. SIMULATION RESULTS

In order to validate the proposed controller performance
and the current-limiting property of the converter, a bidi-
rectional dc/dc power converter equipped with the proposed
control scheme is considered and connected to a resistive
load Ry, in parallel with a current source;. The cur-
rent source can change from positive to negative values
to enable the bidirectional operation of the converter. The
system is simulated using the Simpower Systems toolbox
of Matlab/Simulink based on the parameters given in Table
I. Note that since the maximum current of the converter
iS imez = DA, the controller parameter&’,,, and r, are
selected a¥’,, = 10V andr, = 2 to satisfy (14).

The desired task is to regulate the converter output voltage
v 10 v.ey = 200V independently from the variations of the
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Fig. 4. Simulation results of the bidirectional d/dc corteerequipped with
the proposed current-limiting controller



current source. Initiallyi; = 0.2A and as it can be seen [3]
from the simulations results in Fig. 4(a), the output vaodtag

is quickly regulated at the desired level. Since the current
of the load is positive, then the converter feeds the load angh
the inductor current is positive as well (Fig. 4(b)). In arde

to test the bidirectional operation of the converter undler t 5,
proposed controller, dt= 0.4 s, the load current;, changes

to —1.8A. In this case, the proposed controller regulates[ﬁ]
again the output voltage af., after a short transient but as

it is observed in Fig. 4(b), the inductor current is regudate
at a negative value. At the time instant= 0.8s, the
load current;;, becomed).5 A and the controller leads the
converter output voltage at the desired level once agaim wit
a positive inductor current. In order to verify the current- [8l
limiting property of the controller, at = 1.2s, the load
currenti;, changes tal.5 A. In this case, as shown in Fig. [9]
4(b), the converter current reaches the upper limjt.{ =

5A) and remains limited as analytically proven in this papetq
The output voltagey automatically drops to a lower value

to maintain the current-limiting property of the converter
and hence protect the device from high load demands thaj
request power levels that exceed the technical limits of the
converter, as shown in 4(a). The transient response of the
duty-ratio control input of the converter is illustrated4(c).

To verify the theory presented in this paper, the trajectdry [12]
the controller state§ and £ is plotted on thell — E, plane
where it becomes clear that it remains very close to the curve
Wy at all times, proving the desired bounded dynamics gi3]
the controller states.

(7]

[14]

V. CONCLUSIONS

) ) . 15
A nonlinear dynamic control scheme was designed fo[r ]

bidirectional dc/dc converters to guarantee output veltag
regulation with a current-limiting capability. By introding (16
a virtual resistance and bounded voltage dynamics, it was
analytically proven that the inductor current of the cotser

will never violate a given maximum value. This current!’]
limitation is proven without any additional saturation tsnr
limiters; hence overcoming integrator windup and instgbil
problems that often occur with traditional current-limgi
controllers. The effectiveness of the proposed design and
its current-limiting property were verified by simulating a
bidirectional converter under several changes of the lodtf)
current.

Future work will focus on proving the asymptotic stability
of the desired equilibrium of the bidirectional dc/dc cortee
and extend the proposed controller application to dc micro-
grid systems with energy storage components. [21]

(18]
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