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Abstract—Electric vehicles make use of energy storage systems,
such as batteries and/or ultracapacitors to power the electric power
drive train, as well as auxiliary automotive system for control,
safety, and comfort. This relatively complex power structure can
be described as a distributed multiconverter system. The constant
power behavior of tight-speed controllers in the vehicle’s traction
system and tightly regulated dc—dc converters connected to the
HV-DC bus produces instability effects. This paper proposes a
simple and practical geometric control, using circular switching
surfaces, to address constant power load instability in electric ve-
hicle’s power systems. The proposed switching surfaces provide
a solution in the geometrical domain to constant power loading
conditions, while achieving outstanding dynamic response com-
pared to state-of-the-art controllers. The controller is implemented
in a bidirectional Buck + Boost cascade converter as a battery
charge/discharge unit and ensures reliable system operation. The
predictable and consistent behavior of the converter with con-
stant power load is presented by analyzing the system curves in
the normalized state plane with the switching surfaces employed.
Simulation and experimental results on a scaled 1-kW Buck +
Boost cascade converter validate the proposed switching surfaces
and predictions regarding the converter’s behavior under constant
power loading conditions.

Index Terms—Battery management systems, boundary control,
circular switching surfaces (CSS), constant power load (CPL),
dc-link capacitance, dc—dc power converters, electric vehicles
(EVs).

I. INTRODUCTION

HE development of sustainable transport system has ex-
perienced great improvements in the last 15 years. As
a result, electric vehicles (EVs) namely hybrid electric vehi-
cles (HEVs) and all-electric or battery electric vehicles (BEVs)
are slowly starting to coexist with regular internal combustion
vehicles around the world. In advanced automotive structures,
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besides the electric propulsion system, several electrical subsys-
tems are used for control, safety, and comfort in the vehicle. The
relatively complex power structure of automotive electric sys-
tems can be described as a distributed multiconverter scheme
including dc as well as ac subsystems [1]-[3]. A simplified
block diagram of the distributed system of a BEV is illustrated
in Fig. 1(a), where the main dc bus feeds the electric motor drive
and downstream converters, which power different automotive
electric subsystems.

EVs are propelled using bidirectional dc—dc converters as
battery charge/discharge units (BCDUs) that interface energy
storage systems such as batteries and ultracapacitors with the
main dc bus [4]. These converters are suitable for controlling
power flow in motoring and regenerative braking operation to
improve the overall system efficiency and travel range. The dc-
link voltage is typically higher than the energy storage voltage;
thus, step-up operation is required to obtain the dc-link voltage
level [5]. However, in cases where the nominal battery output
voltage, which depends mainly on the number of cell stacked,
overlaps with the dc-link voltage required by the propulsion
system, step-down operation is necessary as well [6]. The
Buck + Boost cascade converter depicted in the lower part
of Fig. 1(a) is capable of performing step-down and step-up
operations and presents enhanced properties such as increased
performance and efficiency in comparison to other bidirectional
dc—dc converters [7]-[10].

Power converters fed by the main bus create unique dynamic
characteristics that have been the subject of study over the past
few years. Under tight-speed regulation with constant torque-
load relationship, the motor drive exhibits constant power (CP)
behavior at the input of dc bus [11], [12]. A similar situa-
tion occurs in downstream converters under tight regulation
[13]-[17]. As shown in [13], the dynamic behavior of constant
power loads (CPLs) is equivalent to a dynamic negative resis-
tance which, under certain conditions, can produce instability
in the dc bus and consequently, in the system. Limitations of
practical CPLs in real-world application have been assessed
in [14]. However, in this study, an ideal model (infinite band-
width) of the CPL is employed in the analysis to account for
the worst-case scenario. If stability and high performance is
achieved for the theoretical CPL (infinite bandwidth), then sta-
ble operation and fast response is guaranteed for any other CPL
case (e.g., high-bandwidth and low-bandwidth CPLs). From the
practical point of view, it is not possible to accomplish ideal
CPL behavior. Nevertheless, a very high-bandwidth CPL is
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(a) Simplified block diagram of the electric system of a battery-powered electric car with a Buck + Boost cascade converter implemented as the BCDU.

(b) Geometric control implementing the CSS is compared with a traditional linear controller with passive compensation to show the enhanced dynamics of the

proposed switching surfaces under CP loading conditions.

expected from tightly regulated downstream converters and
drives. The proposed control technique takes into considera-
tion the worst-case scenario of infinite CPL bandwidth as part
of the analysis.

Passive stabilization methods were developed to stabilize the
open-loop converter by including RC and RL networks at the
resonance frequency of the filter in the converter, increasing the
overall damping of the system [14], [15]. Although the method
is simple, the addition of elements to the filter reduces the effi-
ciency and penalizes size and cost. Active stabilization methods
were presented in [16]-[18] which avoid the introduction of
more components. Nevertheless, while these techniques stabi-
lize the open-loop system, feedback controller is still required
to achieve system regulation.

Beyond traditional linear controllers, which rely on a lin-
earization process that certainly limits the validity of the con-
trollers to a small area around the operating point, the analysis
developed in [19]-[21] demonstrates the potential of nonlin-
ear techniques to address CPL instability. Boundary controllers
have been widely studied and have proven to be robust with
large-signal validity [22]. Furthermore, with a proper switch-
ing surface selection, remarkable improvements can be made
in terms of efficiency and dynamic response [23], [24]. This
paper proposes a simple and practical nonlinear control im-
plementing circular switching surfaces (CSS) to address CPL
instability in cascade dc—dc converters used in electric vehi-
cle power systems. The analysis of switching surfaces in this

paper goes beyond typical applications with resistive loading
studied in [24] and [25], as well as undamped systems with
constant-current loading studied in [26]-[28]. Moreover, it is
found that the control technique proposed provides a solution
to CP loading conditions, while achieving outstanding dynamic
response. Bulky dc-link capacitance employed to provide sys-
tem stability can be reduced given the improved large-signal
stability achieved by the switching surfaces proposed in this
paper. This would allow electrolytic capacitors to be replaced
by metal-film capacitors; hence, increasing the reliability of the
system [29]-[33].

A conceptual comparison between the proposed control tech-
nique and a linear controller is illustrated through simulation in
Fig. 1(b). The dual-loop linear controller requires compensation
for the CPL instability. In this case, passive compensation was
provided through an RC network. Without compensation, the
linear controllers fails to stabilize the output voltage under CPL
condition. The results obtained using the proposed switching
surfaces show excellent transient behavior over a wide range of
operation and provide a theoretical framework that explains the
converter dynamics. The predictable behavior of the converter
loaded with CPLs is presented by analyzing the system curves in
the normalized state plane along with the CSS employed. Simu-
lation and experimental results validate the proposed switching
surfaces for CPL operation and confirm the predicted results.

The following section introduces the normalized Buck +
Boost cascade converter used for generalizing the development.
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Fig.2. Normalized Buck + Boost cascade converter structures (a) Structure I

So = S3 = ON, (b) Structure II S; = S3 = ON, and (c) Structure III S; =
Sy = ON.

In Section III, the concept of negative impedance of CPLs
is briefly reviewed addressing a passive stability criteria and
system instability is presented for synchronous and asyn-
chronous operation of the converter. The CSS derivation fol-
lowed by the closed-loop control technique are presented in
Section IV. Section V presents the operating performance of
the proposed closed-loop control for startup and sudden load
changes. To establish a benchmarking in terms of response
improvement, the results obtained are compared with state-
of-the-art controllers such as sliding-mode control (SMC) and
compensated linear control. Section VI presents the stabiliza-
tion capabilities and limits of operation. Experimental results
obtained in a 1-kW platform are presented in Section VII vali-
dating the proposed switching surfaces. Finally, conclusions are
stated in Section VIII, remarking the major outcomes of the
development and the advantages of the CCS proposed for EV
power-system control.

II. NORMALIZED BUCK + BOOST CASCADE CONVERTER

The Buck + Boost cascade converter, shown in Fig. 1(a),
is a bidirectional topology obtained by cascading a Buck with
a Boost converter, allowing independent step-down or step-up
operation. The different structures of the converter are depicted
in Fig. 2. In discharge operation (power flow from energy stor-
age to the main dc bus), step-down conversion is obtained by
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switching between structures I and II. For a step-up operation,
structures IT and IIT are employed. The behavior for the converter
with CPL is described through the following set of differential
equations:

di
L% = U Vee — U2V,
dv P
cC=2 = i — —2. 1
7 Untr, o (1)

In (1), u represents the state of the switches: u; = 1 for
switches S; and Sy, ON and OFF respectively, and uy = 1 for
switches S3 and S,, OFF and ON, respectively.

In order to give generality to the development, the converter
is normalized, eliminating dependence on converter voltages,
currents, and power ratings as well as filter characteristics
U;z:.._ia:_i:v 't_t
chc7 o = Ircf - va o TO.

The normalization procedure makes use of the following base
parameters: the input voltage v.., characteristic impedance of
the combined L and C values Z, = /L/C, and the natural res-
onance period 7, = 27v/LC. The subindex n is used to indicate
normalized variables. Normalizing (1) yields the following:

Vgn =

1 diLn

% dt, = U1Vcen — U2Von
1 dvon . Pon
— = Ul — —. 2
o dtn 2ULn Von ( )

IITI. OPEN-LOOP INSTABILITY

The presence of CPLs in power converters introduces unique
dynamics into the system that are not present with typical re-
sistive or constant current loads and which generate open-loop
instability in the converter. An ideal CPL can be modeled as
(3), where for a given operating point (Voy, I,y ), the prod-
uct of the load voltage and current is kept constant constant
(Pon,const = Vonlon) and the instantaneous value of the load
impedance is positive (Ron, = 7°*). A linear approximation is
obtained by deriving (3) in the small area around (Vy, Ioy),
yielding the linear equivalent incremental impedance R.,,. As
shown in (4), R.qn at the given operating point or at any other
is negative. The linearized CPL model is (5)

. P,
Ton = 3
o= (3)
dion _ P,y _ 1 (4)
dvon U(Q,n Reqn
. P, P,
lon,lin = 2‘/:: - ﬁvon = 2Ion - anvon- (5)

A cascade converter in step-down operation mode is illus-
trated in Fig. 3(a), with normalized inductor and capacitor par-
asitic resistances included in the model. Considering the con-
verter loaded with a CPL and by using the linearized model (5),
small-signal analysis for the input to output transfer function
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Fig. 3. Bounded oscillatory response is obtained for the open-loop cascade

converter in asynchronous step-down operation when load is switched from CR
to CP.

yields the following denormalized result:

0o ($) Req 1

= 6
Uin($) Req— Res?a+sb+c ©)
where . PR
=IC, b=|—+C|R e )],
¢ [Rt_Req+ ( L+Req_Rc>}
C_RL—Req
Rcheq.

Analyzing the roots of the characteristic equation in (6), it
can be seen that the negative equivalent impedance of the CPL
produces a shifting in the system’s poles, which may be dis-
placed to the right-half plane, depending on the filter parameters,
making the system open-loop unstable. For a high-efficiency
converter, the losses Ry, and R, should remain minimal. Thus,
stability of the converter relies on oversizing the output capaci-
tance to comply with the following:

M) . (7)

L
|Rc_Req ‘ REQ_RC

Previous criteria is overly conservative and, as a sufficient
condition, it ensures stable operation of the open-loop con-
verter. Figs. 3(b) and 4(b) show the experimental results of
the cascade converter operating in open loop in asynchronous
and synchronous mode, respectively, with normal capacitor se-
lection (not oversized).

Operation starts with resistive load R, and at ¢ = 3.2 ms,
the load switches to CP. As expected, the negative incremental
impedance has a negative impact on the stability of the system,

< C(RL +
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Fig.4. Unbounded oscillatory response is obtained for the open-loop cascade
converter in synchronous step-down operation when load is switched from CR
to CP.

producing oscillations at the resonance frequency at the output
of the converter. With asynchronous operation [see Fig. 3(b)],
the load dynamics produce an increase in the energy stored by
the reactive elements cycle after cycle, increasing the oscilla-
tions until the converter enters into discontinuous conduction
mode (DCM). At this point, the inductor current cannot invert
the direction and remains discharged while the capacitor con-
tinues to discharge. This process limits the energy stored in
the reactive elements and the operation quasi-stabilizes after
t ~ 19.2 ms in a limit cycling, which can be observed in the
geometric domain. On the other hand, when switched to syn-
chronous operation [see Fig. 4(b)], inductor current is allowed
to reverse direction. Same loading process is applied and in this
case, the energy in the reactive elements rises without bound-
aries, increasing the oscillations until the system is shut down
t ~ 21 ms using a protection. This unbounded and destructive
behavior is a severe concern that will be addressed by the pro-
posed switching surfaces.

Besides the criteria for stable operation derived previously,
the combination of CP as well as regular resistive loads in the
power system mitigates the CP instability effect. However, the
overall system stability should not rely on the existence of such
resistive loads. Practical CPLs models differ from (3), mainly
due to bandwidth limitations of real converters/inverters act-
ing as loads. In current applications (2014), the bandwidth of
the CPLs can range from a few hertz to up to few kilohertz
(power supplies connected to the dc link). This study adopts the
worst-case operating scenario of ideal CPL, with infinite band-
width, with the objective of achieving a general control strategy.
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As discussed in the following sections, the switching surfaces
employed for the control technique allows to obtain near time-
optimal solutions irrespective of the bandwidth of the CPL.

IV. CSS-BASED CONTROL STRATEGY

This section presents the derivation of the CCS, which are
later employed to define the closed-loop control law for both
operating modes.

A. CSS Derivation

To derive the switching surfaces, the normalized differential
system (2) is solved to obtained the converter’s circular trajec-
tories comprising it’s three structures depicted in Fig. 2. The
differential equations of the system, repeated in (8), are com-
bined and solved obtaining the time-domain solutions (9) and
(10)

1 diLn
5 = U1Veen — U2Von
2w dt, ! 2
1 dvy, . .
ﬂ dt(; = U2lLn — Ton (8)
Von = |:Uon(0) - mU(:(Z?L:| COS(Zﬂ'tn)
s
. . . 31
+ [u2in, (0) — don]sin(27t, ) + —Veen,  (9)
U2
. . 1.
ion = [an(O) — zon} cos(2mt,,)
U2

. 1.
+ [ulvon (0) - u2vccn]81n(27rtn) + ;2011'
2

(10)

Combining (9) and (10), time is eliminated obtaining the
generalized trajectory as

2
u1 . . 9
A (Uon - u'Uccn) + (UZZLn - Zon)
2

Uy

2
- |:U0n (0) - chcn] - [UQiL7L (0) - ion]z =0. (11)

Replacing the parameters u; and wus, the trajectories corre-
sponding to each of the structures depicted in Fig. 2 are obtained
and shown as

Aq Ufn + (ipn — ion)Q - Ugn(o) - [iLn (0) - Z.011]2 =0
(12)
)\.2 : ('Uon — Ucm,)2 + (iLn - 7:011)2

— [Von (0) = Veen]* = [i£n (0) = ion]*> =0

cecn . . on 0 cecn
Ag : (’U )von + i, — <ZLn(O) + ,U()U> =0.

13)

Ton Ton
(14)
These trajectories can be rewritten in the form of
Ai(r—Cp)* + (y— Cy)* —radius® =0 (15)
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Fig. 5. Buck + Boost cascade converter trajectories, in its three structures,
describes circumferences in the state plane.

where the center of the circumferences is displaced by v..,, and
ion and the radius depends on the operating point values v, (0)
and iy, (0). To facilitate the visualization, the trajectories i;
to A3 are illustrated in Fig. 5 for a particular set of parameters
[von (0), 71, (0)]. The direction of the rotational speed wy, is
indicated by a set of arrows on each trajectory. A3 is considered
aparticular case of a circumference in which the center is shifted
to (C,,C,) — (o0, 00) approaching a straight line in the state
plane.

B. Close-Loop Control Law Definition

The trajectories A, to A3, defined in the previous section, are
employed to define the control law based on the operating point
and the intersection of the converters switching surfaces. For
this task, some parameters need to be defined. v..,, = 1, given
that the normalization is done with v.. vo, (0) takes values in
an interval (a < Uon target < b), which depends on the battery
SOC. The boundaries a and b are given by the maximum and
minimum operating values of the energy storage system. The
parameter i, (0) is matched with the targeted inductor current
(iLn,target) for each operating mode. For step-down operation,
since structures I and II are used, then iy, target = %on. For step
up, structures II and III are used; hence, <1, is equal to the input
current of the converter and it is related to the output current
7;011 as Z-Ln,,ta‘rget = Z‘011/(1 - D) with D =1 — Uccn/von,target'
Having all the required parameters defined, the control law is
presented for each operating mode.

For step-down operation, us = 1 and the control law derived
is as follows:

Case I: (ig, > ion)

if (07 > 0), thenu; =0, else u; = 1

Case IL: (if, < ion)

if (09 > 0), thenu; = 1,else u; =0

where

o1 - U(Q)n + (iLn — Z.nn)Q - Vo2n.,target (16)

a3 ¢ (Von = Veen)” + (inn — ion)* = (Vontarger — 1)*-
a7
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In step-up operation, u; = 1 and the control law is defined as
follows:
Case I: (i, > ion/(1 — D))
if (o9 > 0), then us = 1, else ug = 0
Case Il: (i, <ion/(1— D))
if (03 < 0),thenuy =0, else us =1
where

g9 ! (Uon - 'Uccn,)z + (iLn - Z.on)2

- (V:)n,targct - 1)2 - (ion V:)n,targct, - Z‘011)2 (18)
1 . . Von,target
g3 ! (.)Uon +iLn — <‘/on,target Zon + W) .
Zon Ton
19)

Fig. 6 illustrates the control laws with the CSS established,
showing the two areas of operation which are determined based
on the dynamic value oy target With respect to vy, .

To understand the operation and gain insight into the behavior
of the CSS-based control strategy proposed, Fig. 7 presents the
analysis of the CSS with the converter trajectories loaded with
CPL for each structures depicted in Fig. 2. The points A shown
in the subfigures correspond to different initial conditions (ICs)
for which the CSS have a sufficiently small error regarding
the CPL trajectory, ensuring that the target can be achieved by
switching to the corresponding structure indicated as A, _target-
This condition is satisfied for all the IC that are in the region
between the curve P,, and a certain limit, which is determined
by the maximum output voltage ripple, e.g., 2%. Thus, when the
CSS represented as A, _arget, Within the given region is selected,
the trajectories evolve until the condition v, & 2% achieving
steady state.

For points B outside the region, where the CSS trajectory
matched with the target CPL trajectory, the circles that describe
the target CSS trajectory now match with different CPL trajec-
tories that intersect the p,, line at a v,, value, which can be
either higher or lower than vy, = Vi target (point A in Fig. 7).
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However, it can be demonstrated that the operating point always
is able to return to the convergence area by switching to the
proper structure as it is indicated conceptually in the Fig. 7 for
the different cases. Consequently, once point A is reached, the
structure is switched according to the operating mode, reaching
again the target CSS trajectory that allows to the operating point
arrives at the desired target. Although extra switching actions
are required, the operating region is extended.

V. CLOSED-LOOP OPERATION AND
PERFORMANCE ASSESSMENT

The CSS were implemented in simulation for the Buck +
Boost cascade converter for startup and CP loading transients.
Results are shown in Fig. 8(a) and (b) for step-down and step-up
operation, respectively.

In the first case, the converter is initially driven from @ to the
target point with no load ®. With the switches configured as in
structure I, the operating point moves along A,. When it reaches
the switching surface oy (p, —¢) @, the converter switches to
structure I, achieving steady state in two switching actions in
minimum time. At instant ¢, = 1, a CP load of P,, = 0.15
is applied and the new target point moves to ®@. According to
the CSS, the converter switches again to structure II until it
reaches the switching surface oy(p, —¢.15), Where the control
now switches back to structure I. The operating point is directed
toward the target where it achieves steady state. Same startup
and loading process is done for step-up operation and shown in
Fig. 8(b). The controller, uses in this case, structures II and III to
drive the operating point toward the target with CP load of P,;, =
0.2. These results obtained show the stabilizing capabilities and
enhanced transient responses with sudden load changes of the
CSS for both operating modes.

Important advantages in terms of performance and switching
actions are obtained, when driving the operating point toward the
target point through near-optimal trajectories. A comparison be-
tween the closed-loop control implementing the CSS with linear
compensated control and SMC is shown Fig. 9. Time-domain
and state-plane plots show start up and sudden load change tran-
sient performance for the three control techniques. The linear
controller was implemented in a compensated converter, en-
abling the use of the normal approach, by analyzing root locus
and frequency-domain analysis for the design of the feedback
loop. Analyzing the response of the converter to a CPL sudden
change, it is observed that the converter achieves stability after
2.32 normalized time units. On the other hand, SMC is an in-
teresting alternative control for stabilizing and controlling CPL
systems. For this controller, a transient of 1.15 normalized time
unit is obtained for the same load change. With the CSS-based
control, the recovery time shown for the same CPL step is 0.34
normalized time units, representing an improvement of 3.4 times
with respect to SMC and of 6.8 times with respect to the linear
controller. Analyzing the switching actions (in the state-plane
plot) required by each technique to arrive to the new target point
after the sudden CPL change, it is observed that the proposed
controller implements only two switching actions, while for the
other two techniques, the number is extremely large.
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near-optimal transient with sudden load changes.

VI. STABILITY AND LIMITS OF OPERATION

EVs find application in race cars, very high power
sport/luxury cars (Tesla S), high torque transportation systems
(trucks), heavy duty mining vehicles with extremely high torque,
industrial vehicles, and even simple golf carts just to name some
applications. As well, there are a number of downstream con-

Closed-loop operation using CSS for (a) step-down and (b) step-up operation. The controller addresses time-optimal start-up and stability operation with

verters in EV powering systems that imposes high-bandwidth
loading conditions. Therefore, the type of CPL loading con-
ditions can range from low bandwidth to very demanding
high bandwidth. In particular, the severity of the CPL relates
to the transient capability of the power converter. Note that
the dynamic response of large power converters is inherently
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Fig. 9. Simulation results for the proposed closed-loop control based on the

CSS shows an important time recovery improvement with reduced switching
actions when compared with linear compensated control and SMC.

limited by the size of the large LC filter that restrain the physical
transient response. The objective of a good control strategy is to
maximize the dynamic response of these converters to compen-
sate for any possible loading condition, even high-bandwidth
CPL.

To analyze stabilization capabilities of the proposed control
technique, several approaches can be found in the literature.
Middlebrook’s criterion [34] derived from the impedance ratio
analysis in filtered switching power converters is found quite
conservative. Nevertheless, combined with gain- and phase-
margin criteria, this analysis can deliver good insight into the
stabilization characteristics of the controlled converter. In order
to study the effect of CPL bandwidth, Fig. 10 shows the out-
put impedance Zg, ce Of the cascade converter in closed-loop
operation overlapped with the input impedance Zj,,q of three
CPL cases. To approach realistic scenarios, two CPLs with a
high bandwidth and a limited bandwidth model are considered.
The ideal CPL (infinite bandwidth) case is plotted as well, to
identify the worst-case scenario. Impedance ratio criterion re-
quires Zsource << Zload,» Which in practice can be extended to
—6-dB difference to ensure stable operation. To this condition,
a phase margin of 50° is acceptable for stability. As shown in
the Bode plot in Fig. 10, CPLs exhibit a negative impedance
characteristic. In the case of an ideal CPL (infinite bandwidth),
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Fig. 10. Impedance analysis results for the structure (a) shown in (b) exhibits
a highly reduced Zsoyrce for the cascade converter compared with the 24,4
of the CPLs confirming the stabilization capabilities of the proposed control
technique.

this behavior is extended to the entire frequency range. For the
high-bandwidth CPL, this behavior is maintained to up to a fre-
quency of 5 kHz from which the gain starts to increase reducing
the instability effects. Variation on the phase also indicates that
the behavior is no longer CP type beyond that frequency. For
the limited bandwidth CPL, the bandwidth goes up to 500 Hz.
On the other hand, the cascade converter (Zsoyrce) under study
shows a desirable reduced output impedance for a large band-
width. The bandwidth is enough to ensure stable steady-state
operation with both CPL cases even under heavy loading con-
ditions P, (max) = 1 kW.

To analyze the performance of the proposed switching sur-
faces, the same three CPL models were implemented in sim-
ulation. Results in Fig. 11 show the transient response of the
converter with the proposed controller for a low-bandwidth
CPL, a high-bandwidth CPL, and finally, an ideal CPL case
with infinite bandwidth. The solutions obtained with the pro-
posed switching surfaces for CP loading transient show near
time-optimal recovery and stable steady-state operation, even
for the worst-case bandwidth scenario. When the bandwidth of
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Fig. 11. Simulation results show the time-optimal transient response of the

converter with the proposed controller for three cases of CPL in which stable
operation is observed for even the worst-case scenario.

the CPL is limited (low case), the controller is able to regulate
the output voltage v,, during the loading process without
exhibiting a noticeable voltage drop. The corresponding trajec-
tory is a vertical line shown in the state plane plot [see 11(b)]. By
increasing the bandwidth of the load to practical levels, the CPL
step approaches the ideal step function. As can be observed in
the state plane, although the ideal case is more demanding dur-
ing the loading process, both cases present a near time-optimal
recovery using the proposed switching surface.

Moving forward, the analysis and results presented in the pre-
vious section can be extended to different operating points along
the CP curve, as well as implemented with different CPL steps
to characterize the behavior of the proposed controller. Fig. 12
presents the simulation results of the Buck + Boost cascade
converter in step-down and step-up operating mode for a fam-
ily CPL steps. Under the operating conditions indicated in the
figure, successive CPLs are applied is steps of AP,, = 0.05.
Curves obtained for the simulation indicate that the controller
is able to stabilize CPL steps of up to P,, = 0.25 for both op-
erating modes exhibiting less than 5% overshoot. These results
define an improved dynamic performance over an important set
of working conditions making the technique widely applicable
for CPL stabilization and loading transient control.
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Fig. 12.  Transient response for a family CPL steps in (a) step-down operation

and (b) step-up operation exhibits the improved response for several loading
conditions.

The sensitivity of the control technique regarding filter pa-
rameter drifting and tolerances was also examined. Different
scenarios were established for the normalization procedure
(see Section II, focusing on the filter characteristic impedance
Z, = +/L/C. The worst case occurs when the value of L or
C increases, while the remaining parameter equally decreases.
The filter parameters were subject to a variation of 10%. The
effect of such variations is the transformation in the switching
surfaces, which become elliptical rather than circular. Simula-
tions were developed for the different cases so that the response
variations could be analyzed. The distortion of the switching
surfaces affects the evolution of the operating point during a
sudden load change and showed less than 5% overshoot com-
pared with the ideal case under the same operating conditions.
Regarding steady state, the variation observed were negligible.
Nevertheless, by applying precise calibration, distortion effect
due to parameter variation can be minimized.

VII. EXPERIMENTAL RESULTS

A scaled 1-kW Buck + Boost cascade converter was imple-
mented in hardware with the parameters indicated in Table I. A



ANUN et al.: CIRCULAR SWITCHING SURFACE TECHNIQUE: HIGH-PERFORMANCE CPL STABILIZATION FOR ELECTRIC VEHICLE SYSTEMS

TABLE I
CONVERTER PARAMETERS

Parameter Value

L 920 pH
Ry 0.29Q

C 20 uF
ESR ImQ

U, 90V
Vee 50 V=200V
P, (max) 1 kW

Fig. 13.  Cascade converter experimental setup.

Limit

A A i
2 e cycling

7»2‘/’ \
Steady state

¢

| Steady-state
{ operation

Fig. 14.  Output stability experimental results obtained for the converter loaded
with 400 W CPL, when operation is switched from open loop to closed loop
with the CCS.

fast dynamic CPL with a bandwidth of approximately 25 kHz
was implemented as part of the test bench. A picture of the
experimental setup is shown in Fig. 13.

For a nominal output power of P, =1kW and the filter
parameters indicated, the linear stability analysis (7) for tradi-
tional controllers indicates that the system is highly unstable. To
stabilize the open-loop converter, a 50 times larger electrolytic
capacitor (1.1 mF) would be required. This type of capacitor
presents an ESR approximately 20 times larger than the ESR of
the metal-film type employed, which would certainly increase
the losses in the filtering network. For the proposed technique,
this enables the usage of metal-film capacitors, which have reli-
ability advantages over commonly employed electrolytic capac-
itors as well as reduced ESR improving system efficiency. The
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Fig. 15. Experimental results for the cascade converter loaded with 1-kW
CPL in closed-loop step-down operation.

open-loop instability concept produced by the CPL is shown
in Figs. 3 and 4 (see Section III, where the converter was op-
erating in step-down mode at a fixed switching frequency of
fsw = 20 kHz and duty cycle D = 0.75. The load is initially
resistive, dissipating P, = 250 W. The response at the output
of the converter after switching to CPL at ¢; = 3.2 ms, exhibits
oscillatory behavior at the resonance frequency f, = 1.15 kHz.
Synchronous operation (see Fig. 4) was identified as the worst-
case operating condition, since oscillation grows without bound-
aries. For protection, output voltage and current thresholds are
set to shut down the power stage to avoid a catastrophic failure.
If asynchronous switching was to be implemented, operation
would be restricted to the first quadrant, thus enabling operation
in DCM. In this case, instability effects are reduced by prevent-
ing inductor current iy, from reversing direction and forcing
the trajectory to follow the normalized output voltage axis as
shown in Fig. 3.

In order to control the unbounded behavior and obtain pre-
dictable, stable operation, the proposed CSS was implemented.
Experimental results of the converter operating under the control
strategy based on the CSS are shown in Figs. 14—17 and in all
cases, the experimental results closely resembles the simulation
results.

Stabilization of the system under CPL load is shown in
Fig. 14, where the converter is loaded with a P, = 400 W CPL.
In the first half of the oscilloscope capture, the converter is
operating in open loop and exhibits bounded oscillation. The
demonstration of the unstable behavior is done in asynchronous
mode to limit the amplitude of the oscillations in open loop. In
the second half of the oscilloscope capture, the proposed CSS
strategy is enabled, resulting in stable operation. Note that the
controller only performs two switching actions (structures I and
II) to drive the operating point toward the target point where it
remains stable.

In Fig. 15, the converter’s stability is further tested by load-
ing the converter with P, (max) = 1 kW. The converter exhibits
stable operation with a switching frequency of fsw = 8 kHz,
which is accomplished by employing an hysteresis band in the
CSS control laws to obtain the desired ripple. As for frequency
shifting, a narrow variation is observed in steady-state operation.
If necessary, this variation can be further mitigated by adjusting
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Fig. 16.  Experimental results in the 1-kW platform in (a) step-down operation
and (b) step-up operation for a 500-W CPL loading and unloading conditions,
exhibiting the near-optimal operation with the CSS control strategy.

the hysteresis band control in the CSS or forcing PWM trigger-
ing with precision timers.

Experimental results for transient response to CPL sudden
change were shown in Fig. 16 for step-down and step-up oper-
ating modes. State plane figure on the right-hand side of each
experimental capture exposes the evolution of the operating
point, through near optimal trajectories, from no-load steady
state to a 500-W CP loading condition. Unloading to no-load
condition is exercised as well for both cases obtaining the same
result in terms of transient recovery.

Further experimental results to evaluate the predicted tran-
sient response are shown in Fig. 17(a) and (b), where a family
CPL sudden step changes are applied to converter. In Fig. 17(a),
the cascade converter is operating in step-down mode with
Vo /Vee = 0.75. While regulating at 90 V, the CPL step-ups
are applied and in each case the control strategy responds by
changing the converter structures according to the CSS control
law, achieving fast recovery to steady state. The results exhibit
an output voltage overshoot of less than 5% for CPLs up to
P,(max) = 500 W as was predicted in Section VI. Fig. 17(b)
shows near-optimal response for a CPL sudden load change
with negligible overshoot for the cascade converter operating at
V, /Vi. = 1.25 (step-up operation).

(€Y

<5% overshoot
=

(®)

Fig. 17. Experimental results in the 1-kW platform in (a) step-down and
(b) step-up operation for several CPL steps show improved dynamic output
response with minimum overshoot.

VIII. CONCLUSION

The CSS was proposed for controlling the BCDU in EV
systems in order to mitigate the instability created by CPLs.
This simple and practical geometric technique presented the so-
lution for challenging combination high-bandwidth CPL and
unbounded oscillation due to synchronous operation of the
converter, and yielded large-signal stability and enhanced dy-
namic transient response over a wide range of operating con-
ditions. Comparison with state-of-the-art linear and nonlinear
controllers showed a transient recovery improvement of up to
3.4 times and a considerable reduction in switching actions,
thereby improving efficiency. The control laws based on the
CSS were derived from a normalized converter generalizing
the application. Furthermore, the analysis led to a theoretical
framework in which predictable transient performance can be
achieved.

The application of this control technique enables a reduction
in the size of the bulky dc-link capacitance usually employed
to stabilize the main bus. This allows the usage of metal-film
capacitors, which have reliability advantages over commonly
employed electrolytic capacitors, as well as reduced ESR im-
proving system efficiency. Experimental results developed in a
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1-kW Buck + Boost cascade converter validated the concepts
described and the application of the CCS for CPL transient
rejection and steady-state stable operation.
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