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Converter: An LPV System Model Point of View

Jianjun Ma"¥, Member, IEEE, Miao Zhu

Abstract—In dealing with the wide voltage range of energy
storage components and fuel cell, multimode buck-boost converter
(MBBC) serves as a versatile interfacing circuit with multimode op-
eration capability. In this article, dynamic performance of MBBC is
analyzed with consideration of converter operation under multiple
modes, and a digital control design method is proposed for fast
transient response. The dynamic analysis considers two influence
factors, including “transition mode selection” and ““close-loop con-
trol design.” The influences of different Transition mode have been
analyzed with the aid of linear parameter varying system, and a
new Transition mode has been proposed for the minimum polytopic
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Fig. 1. Multimode operation of MBBC under wide-range input voltage vip.

working region. In “close-loop control design,” the recovery time
has been minimized with guaranteed robust stability. Compared
with small-signal design method, the proposed method not only en-
sures large-signal stability across multiple working modes, but also
offers new insight for Transition mode selection which is overlooked
in existing MBBC dynamic analysis. The designed controller has
been applied for three representative transition modes, including
the first proposed “double-buck-clamping” mode and compara-
tively evaluated with existing small-signal PI design method.

Index Terms—DC-DC power converters, linear matrix inequity
(LMI), large-signal model, multimode control, multimode buck-
boost converter.

1. INTRODUCTION

NCREASING applications of energy storage components

(battery, supercapacitor, etc.) and fuel cell have been found
for electric vehicles [1], [2], distribution system, and dc micro-
grids [3], [4]. Different from ideal voltage source, the practi-
cal output voltage of energy storage component and fuel cell
fluctuates with state-of-charge or load condition and varies in
wide range. To ensure a stable and regulated output voltage,
additional dc—dc converter is often required as the interfacing
circuit [5]-[9].
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As shownin Fig. 1, multimode buck—boost converter (MBBC)
can be flexibly configured in buck mode or boost mode and have
wide voltage conversion capability. During these two modes,
only two power switches operate during each cycle and high
converter efficiency can thus be maintained through a wide
operation range [10]-[12]. Due to the advantages of multimode
operation, MBBC has been adopted for many applications, such
as automotive electric system [1], [2], [6], [7] and distributed
generation system [3], [13], [14]. The converter has also been
named as boost+buck converter [1], positive buck—boost con-
verter [15], noninverting buck—boost converter [16], etc.

However, multimode operation inherently brings new chal-
lenges to open-loop dynamic analysis and close-loop control
design. Due to the presence of switch dead-time and control
delay, there is a gap of voltage conversion ratio between buck
and boost mode [15]-[20]. To eliminate the discontinuity, an
additional Transition mode is required between them, as shown
in Fig. 1. The real-time working mode can be determined by
comparing the input voltage v;,, with the output voltage v,. When
Vin 18 higher than v,, MBBC works in buck mode. When v;,, is
lower than v,, MBBC works in boost mode. When v;,, and v,
are near, MBBC works in Transition mode.

A. Researches on Transition Mode

Existing research on the Transition mode mainly concerns
with the converter efficiency. For optimization of the effi-
ciency, a series of Transition mode has been proposed, from
the one-section Transition mode such as “buck—boost” mode
[10], “boost-clamping” mode [21], to two-section Transition
mode such as “extend-buck+extend-boost” mode [11] and to
the N-section Transition mode [18].

Apart from steady-state efficiency, the different Transition
modes are expected to present different dynamic properties.
The lingering question is “How to evaluate the influence of
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Fig. 2. PI control stable for “Buck mode” and “Transition mode” leads to

instability in “Boost mode.”

different Transition modes on MBBC dynamic performance?”
Answer to the question will be the key for transient performance
optimization. To the best of our knowledge, no existing literature
has covered this issue. The probable reason may due to the lack
of modeling and control technique applicable for multimode
converter.

B. Researches on Control Design

Small-signal method is the mostly applied converter modeling
technique [5]. The nonlinear power converter is modeled as a lin-
ear system at the corresponding steady-state working point. For
the case of MBBC, the main problem is to select the appropriate
steady-state point that mostly represents the converter properties
in all three modes [21]-[26]. An example of PI control designed
on the small-signal model is shown in Fig. 2. In the design
case, the small-signal model is developed at buck mode. The
designed PI controller also performs well in Transition mode.
However, as soon as the converter enters boost mode, the output
voltage v, becomes unstable. A further analysis on the problems
of small-signal model based control design is given in Section II.

Apart from the small-signal method, some large-signal con-
trol has also been proposed. The circular switching surface has
been applied for stabilization of MBBC interfaced with constant
power load in [2]. In [27], trajectory control has been adopted
for fast transient process, and the implementation would require
accurate circuit parameters and high-precision sensors. Sliding
mode control has been investigated in [28], [29] for robust
voltage regulation. As for dynamic performance optimization,
the linear matrix inequity (LMI) proves to be an efficient method
to deal with the wide-range operation of boost converter and
varying grid frequency of inverter [30], [31]. The potential
application of LMI method for multimode MBBC still remains
unexplored.

With consideration of MBBC dynamic differences under
multiple working modes, a linear control design algorithm
is proposed in this article for both robust stability and fast
transient performance. Operation of MBBC and the potential
instability of small-signal design method are first analyzed in
Section II. Instead of small-signal model, MBBC is first modeled
as linear parameter varying (LPV) system with 3-D working
region. The influences of different Transition modes can thus
be evaluated based on the size of the region. A novel Transition
mode “Double-buck-clamping” is first proposed for the optimal
open-loop dynamic in Section III. The classical control structure
is preserved and the control gains are optimized through LMI
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Fig. 3.

Circuit diagram of MBBC for output voltage v, regulation.

method in Section IV. The proposed control is compared with
small-signal PI control in Section V. Besides, the proposed
Transition mode and close-loop control are also comparatively
validated through experimental results in Section V.

II. REVIEW ON MULTIMODE OPERATION OF MBBC

The MBBC power circuit is shown in Fig. 3, and the norton-
equivalent circuit of converter load is given as a resistor R in
parallel with a current source i;. During normal operation, Sy
(S2) works in complement with S5 (S4). The total load current
is represented by ijoaq.

The average model of MBBC circuit in Fig. 3 is given as (1),
where vy, is the input voltage, v, is the output voltage, iy, is
the inductor current, d; and d4 denote the duty ratio of power
switch §7 and Sy, respectively. Under continuous current mode
operation, the equivalent on-time ratio of power switch Sy is
defined as ds:

LELE — gy (8) vy (£) — [1 = dy (£)] v, (L) 1)
Cdvou) [ —dy (8)] i, (£) — 2= — i (#)
dy (t) =1—dy (t). @

During steady-state, the voltage conversion ratio K is given
by (3), where D1 and D- are the steady-state duty cycle of Sy
and Sy, respectively,

K=_2=2L 3)

A. Steady-State Operation

If take Dy as the vertical axis and Do as the lateral axis, a
graphic representation of K is the slope of line connecting “O”
and the working point (D1, D2), as illustrated in Fig. 4. In “buck
mode”, Ss is constantly closed (D2 = 1) and the working area is
B1Bs. In “boost mode”, S1 is constantly closed (D1 = 1) and the
working area is A1As. Due to the presence of switch dead time
and control delay, both D; and Dy have the maximum value
Diax. It will lead to a discontinuous voltage conversion ratio
between OA1 (K = 1/Dy.y) and OB; (K = Dyy,,y), as shown in
Fig. 4. To ensure a continuous voltage conversion, MBBC has
to operate within the area ¢, and the working mode is named as
“Transition mode.”

Within o, any line connecting C; Co with E1 E5 can be adopted
as the Transition mode, as represented by CyE}, in Fig. 4. The
Transition mode can be one section such as boost-clamping
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Fig. 4. Tllustration of MBBC working modes in (D1, D2) plane.

mode [21], or consist of two sections such as “extend-buck+
extend-boost” mode [11].

A general representation for the Transition mode that consists
of n piecewise sections is given by (4), where a; and b; are
coefficients relating to the ith (i = 1~n) section Transition mode,
K; (i = 1~n) corresponds to the voltage conversion ratio at the
ith section.

aiDl + biDQ +1=0 s Vo/Vin S [K%Kq;_;,_l]
(Z =1~ n, Dmax < Kz < KiJrl < ]-/Dmax) . (4)

For example, if the Transition mode is boost-clamping mode,
n=1witha; =0,b; = —1/Dy.2. If the Transition mode is
buck—boost mode, n =1 witha; =-1,b; = — 1. If the Transition
mode is extend-buck-+extend-boost mode, n = 2 with a; = 0,
by = —1/Dyax, ag = —1/Dyax, bo = 0.

B. Problems of Small-Signal Model Based Control Design

For control design of MBBC, the small-signal model can be
derived by first linearize and discretize the average model of (1)
at the corresponding working point (I, D1, D2, Vin, V,). The
discrete-time representation of MBBC is given by (5), where the
upper-case letter denotes the dc value, and the lowercase letter
with hat (~) denotes the perturbation term. The sampling period
is given by T’ [32].

L (k+1) =i (k) — 2550, (k) + P5Td, (k)

+YeTed, (k) + 2wy, (k)

DzTSZL (k) + (1 _ TC) Do (k)
—Ledy (k) — L (R).

5
b, (k+1) = ©)

During each mode, the two control variables di, d4 in (5) are
interdependent and a unified duty ratio d can be adopted for all
three working modes.

1) In buck mode, d, is a constant value of 0 and d; is the

active duty ratio d.

Buck : d, (k) =d(k), ds (k) =0. (6)
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TABLE I
PARAMETERS OF MBBC CONVERTER

Parameter Value Nominal Value
L 0.4mH -
C 330uF -
R 40Q -
I [0,4] A 2A
Dmax 0.9 -
Switching frequency f; 20kHz -
v, 48V —
Boost: [24,44] Boost: 34V
Vi Transition: [44,53] Transition:48V
Buck: [53,72] Buck: 63V

2) In boost mode, d; is a constant value of 1 and dy is the
active duty ratio d.

Boost : dy (k) =0, dy (k) =d (k). (7)
3) In Transition mode, the active duty ratio relates with the
corresponding Transition mode parameters a;, b; in (4).
If a; = 0, d4 is a constant value and d; is the active duty
ratio d. If a;#0, d, is the active duty ratio d. Relationship

of the perturbation of d; and d, is given by (8).

(ai = ) Z~ CZl (k)
(a; #0) = dy (k)

g (k) =0
(k) dy (k)=d (k).
(®)

Based on (5)—(8), the small-signal model of MBBC can be
derived after selecting the working point (I, D1, D2, Viyn, Vo).
For the considered operation case listed in Table I, the open-
loop v,~d frequency response is shown in Fig. 5. It varies in
wide range depending on the operation condition. For small-
signal control design, the main problems come in two aspects
as follows:

1) Small-signal model only reflects the dynamic property
near the selected operation point. As a result, stability of
the designed control can only be assured at the selected
working mode and operation point. For example, if the
operation point is selected at buck mode, the designed
controller PI'1 (voltage-loop k,, = 0.44, k; = 6770, current
loop k,, = 0.06, k; = 827) can ensure stable operation, as
the operation point A in Fig. 5. However, under the same
controller, the converter will become unstable in boost
mode, as indicated by the operation point C. The reason is
that boost mode has a RHP zero and leads to lower phase
margin.

To account for the influence of RHP zero, [22], [23] have
proposed to select the steady-state point at boost mode. However,
the RHP zero may also appear at Transition mode, as in [10],
[11]. If the PI control design based on small-signal model in
boost mode, as the controller PI 2 (voltage-loop k, = 1.76,
k; = 5082, current loop k, = 0.33, k; = 827), the controller
can ensure enough phase margin at boost mode, as the operation
point B in Fig. 5. However, the converter becomes unstable at the
Transitionmode (a; =-1,b; =-1), as the operation point D. Itis
theoretically possible to check all steady-state operation points,

Transition: { Z
a;
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control design.

however, this trial-and-error process will be time-consuming and
inefficient.

2) Small-signal model based design only provide control
optimization near the operation point, and unable for
dynamic optimization at the wide working region.

For example, based on the small-signal model in buck mode
with Vi, = 24V, and Iy = 0 A. The current loop is designed
with crossover frequency at f,/10 with phase margin of 45°,
the voltage loop is designed with 1/5 current-loop crossover
frequency with phase margin of 50°. The designed PI control
parameters are voltage-loop k, = 1.3, k; = 4630, current loop
kp, = 0.06, and k; = 1070. Based on digital implementation,
the close-loop eigenvalues of MBBC under the whole working
range is shown in Fig. 6.

During buck mode, the damping ratio of the designed control
can reach 0.3. However, for operation point in boost mode, the
damping ratio of designed control can be below 0.1 and results in
poor dynamic performance. A further experimental verification
of small-signal model based control design is given in Section V.

In summary, the small-signal model only provides limited
information at the selected steady-state point and working mode.
Stability and dynamic responses of the designed controller

In (5), i}, and v, are internal state variables of MBBC. i, and
vin are external variables relating to load condition and input
voltage, respectively. For battery and fuel cell, fluctuations of
vin generally appear at low-frequency level below 200 Hz [35],
[36]. To focus on MBBC dynamic performance of load response,
the primary disturbance term is taken as the load disturbance
is, and input voltage variation is deemed as negligible. For
cases when the disturbance of v;, cannot be neglected, it can
be compensated through feed-forward method in [23] and the
work is not repeated here. As a result, only load disturbance i,
is considered in the following.

Besides, considering the inherent one duty cycle control de-
lay of digital implementation, an intermediate variable u[k] is
introduced as follows:

ak)=d(k+1). )

By combining (5)-(9) and neglecting the input voltage varia-
tion, the discrete-time MBBC model can be unitedly represented
as (10).

The varying parameters can be categorized into two types: 1)
Parameters relating to input/output voltage status, including A1,
XAo, and Aj3. 2) Parameters relating to load status, including R
and the total load current /1,,q. When the output voltage V,, is
regulated at the reference value, R and /.4 are solely determined
by the external load. Therefore, the key of dynamic performance
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optimization lies in A1, Ao, and A3

ir (k+1) 1 Ty, Yl ir, (k)
U (k+1) | = | Bar1— £ —heaalen, || 0o (k)
d(k+1) 0 0 0 d (k)
A())
0 07
+ 10| alk)+ | -5 |is (k). (10)
1 0
N—— N—_——
Bu Bis

In each mode, the corresponding values of A1, Ao, and A3 are
summarized in (11). According to (11), the MBBC model varies
with working mode and operating condition (D1, D2, Vin, V).
These varying parameters formed a polytopic working region in
the 3-D space (A1, A2, A3).

I = Do

Aoy =

Vin (Buck)

. Vi (Transition, a; = 0)
3 % “/}: + 1 (Transition, a; #0)

1 (Boost) .

Y

According to convex theory, size of the polytopic region is
closely related with the converter control performance, which
has been described by the so-called “vertex property” of convex
set [33], [34]: For LPV system, the larger polytopic working
region is, the more conservative LMI synthesized results will be.

As a result, optimization of open-loop dynamics of MBBC is
attributed to minimization of the convex region formed by the
varying parameters A, Ao, and As.

B. Minimization of (A, A2) Polygon Region

First consider the varying parameters A; and As. In the 2-D
(X1, A2) plane, the convex set refers to the polygon that covers
working region in all three working modes. Based on (11), the
relationship between working mode in (D1, D2) plane and region
in (A1, A2) plane are shown in Fig. 7(a) and (b), respectively.
The aim of this section is to find the Transition mode that has
the minimum polygon in (A1, A2) plane.

1) In buck mode, the working mode BiB> in Fig. 7(a) is

mapped to the point By (1, 0) in Fig. 7(b).

2) In boost mode, the working mode A;As (or A1A3) in
Fig. 7(a) is mapped to the arc A1As (or A1A3) in Fig. 7(b).
According to (11), the arc locates on the curve of Lo =
1/X1. One of the terminal A1 is fixed at (Dyax, 1/Dmax)-
The other terminal fluctuates with the minimum input
voltage, and can be A5 or As.

3) In Transition mode, according to (11), the (A1, A2) oper-
ation region relates with parameter a; (i = 1~n) value at
the ith section. When a;#0, by combining (2)—(3) with
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(a) Working mode in (D1, D2) plane. (b) Polygon regions in (A1, A2) plane.

(11), the ith Transition mode region CyFE} also locates
on the curve Ao = 1/A; in Fig. 7(b). When a; = 0, the
ith Transition mode region locates on the A; axis and is
represented by the point F in Fig. 7(b).
The value range of D5 at the ith Transition mode can be
developed by combing (2)-(4) as (12)

-1 -1
2 |:0:1'K1'+bi7 a; K1 erz} =
1 -1
; < 0. 12
. [aiKiH +b; a; K; ‘*‘bz} s (2

With consideration of all three working modes, the general
polygon in (11, A2) plane is represented by P(A1, A2).

P()\h)\.g) =Convex Bl s A1A2, CleEk or F'
~N =~ ——

Buck Boost Transition

(13)

For applications with the maximum voltage conversion ratio

VolViin > 1/Dmax’, the operation point As in boost mode
locates on the left side of A1 = Dyyax2, as shown in Fig. 7(a)
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If the Transition mode locates inside the trapezoid C1 F1E 1 E3
in Fig. 7(a) with a;#0 (i = 1~n), the corresponding region
C1FEy, in Fig. 7(b) will locate within the A1As. This relation-
ship is represented by C1FrE,S A1As. As a result, the total
polygon P (A1, A2) of (13) can be developed as Pciririps(ri,
o) as follows:

Pcipigies (A1, A2) =Convex ¢ By, A1 A (14)
==

Buck Boost

The polygon Poirigirs (A1, A2) in (14) is irrelevant with
Transition mode, and Poypipips( A1, A2) S P( A1, Ag) always
hold. In comparison, if any of the Transition mode section
appears with a; = 0 (i = 1~n), or locates outside the trapezoid
C,F,E,Es in Fig. 7(a), C;FyE;SA ;A5 will no longer hold.
Therefore, Pc1ri1pi1Es( A1, A2) in (14) is the minimum polygon.

Construction of the polygon Pcosrigirs (A1, A2) involves
with the maximum voltage conversion ratio in boost mode. As
shown in Fig. 7(b), if the maximum voltage conversion ratio is
lower than 2, the corresponding boost mode operation region
locates at the right side of C (0.5, 2), such as the arc A;As, and
the polygon is the triangle A;B1A2. If the maximum voltage
conversion ratio is higher than 2, the corresponding boost mode
operation region will appear at the left side of C (0.5, 2), such
as the arc A1As in Fig. 7(b). The polygon can be formed by the
line A3G, AsA1, AB1, and GB1. Assuming the minimum value
of D5 at boost mode is D21y, the equations of AsG, GB; and
their crossover point G are given as follows:

GBy:4h + Ao =4 (15)
A3G 2 a1+ (Domin)* Ao = 2D2 min
2D2min - 4D§ i 4 — 8D2 min
. min 1
“ ( 1- 4D% min Tl 4D% min (10

In summary, to attain the minimum polygon in (A1, A2) plane,
the feasible Transition mode is restricted within C;F;E;E3 in
Fig. 7(a). The above conclusion applies for the maximum voltage
conversion ratio is larger than 1/D s’ . For typical Dyax > 0.9,
it requires the maximum voltage conversion ratio higher than
1.2. This condition can be easily met for practical applications
of MBBC, as in [6]-[16].

For a complete analysis, cases for the maximum voltage con-
version ratio below 1/Dypa2 are also analyzed in the following.
It should be noted that the majority of applications belongs to
the previous scenario with V,/Vy,i, > 1/ Doy’

For the Transition mode consists of n piecewise sections given
by (4), consider the last nth section in connection with C;Cs.
If a,#0, such as CyF,; in Fig. 8(a), the operation region is
mapped to CpF,; in Fig. 8(b) and locates on the curve Ay =
1/A1. Construction of the polygon follows the same method in
Fig. 7(b). To search for the minimum polygon, C can moves on
C1Cs in Fig. 8(a). The corresponding operation region moves
on the curve Ao = 1/1; in Fig. 8(b). The minimum polygon
A1B1C1 is reached with C;, moves to C;. Besides, for the rest of
the n—1 sections of Transition modes, if a; =0 (i = 1~n—1), the
corresponding working point appears at the A, axis and results
in larger polygon. Therefore, when a,,#0, all the n sections of
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Transition mode should locate inside C;F;E;E3 in Fig. 8(a)
with a;#0 (i = 1~n).

If a, = 0, such as CyF,,; in Fig. 8(a), the operation re-
gion locates on the A; axis in Fig. 8(b). To search for the
minimum polygon, Cj can moves on C;C» in Fig. 8(a). The
corresponding operation point F,,; moves on the A; axis in
Fig. 8(b). The minimum polygon A2A; B F,, is reached when
F,,;; moves to F,,,. Besides, for the n piecewise Transition mode,
if a;#0 (i = l~n—1) appears, the corresponding Transition
mode region will appear on the curve Ao = 1/A; and leads to
larger polygon. Therefore, when a,, =0, a; =0 (i = 1~n—1)
should also holds for rest of the n—1 sections. The resulting
Transition mode is C1Es in Fig. 8(a) and is also known as
boost-clamping mode. In summary, for the two cases of a,,#0
and a,, = 0, the corresponding two minimum polytopic working
regions are the triangle A1B1Cy and the trapezoid AsA1B1F,,
in Fig. 8(b), respectively. There is no inclusion relationship
between the two regions. As a result, both the two candidate
Transition modes should be checked during close-loop control
design.
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Fig. 9. Relationship between MBBC working region and A3 varying ranges.
(a) MBBC working mode in (D1, D2) plane. (b) A3 varying ranges.

From the above analysis, to attain the minimum polygon in
(A1, A2) plane, the feasible Transition mode is restricted inside
C1F1E1E3 in (Dl, Dg) plane.

C. Minimization of (A1, Ag, L3) Polytope Region

Based on the above discussion in (i1, A2) plane, the addi-
tional varying parameter Az is included for minimization of
the polytope in 3-D (A1, A2, A3) space. Different from Aq, Ao,
the varying parameter A3 is determined by voltage conversion
ratio and Transition mode parameters a;, b;. The relationship of
working mode in (D1, D) plane and A3 varying range is shown
in Fig. 9.

1) In buck mode, X3 is determined by the voltage conversion

ratio and varies in [1/Dyax, Vinax/Vol-

2) In boost mode, A3 is rigid as 1.

3) InTransition mode, the varying range relates with a; value
at the ith (i = 1~n) Transition mode. According to the
above analysis, to attain the minimum polygon in (A1, A2)
plane, the Transition mode should be confined within the
trapezoid C1F1E{Es.

As for the varying range of As, it is related with slope of the
Transition mode b;/a;. If b; = 0, Ag is rigid as 1 according to
(12) and overlaps with boost mode. As a result, L3 reaches the
minimum varying range of [1, Vi,ax/V,] as in Fig. 9(b). Since
the Transition mode should also be confined within the trapezoid
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Fig. 10. Comparison of MBBC polytopes in three-dimensional (11, A2, A3)
space with different Transition modes.

C1F1E1E5. The corresponding Transition mode would consists
of two parts of “FoE1+C1F;” as shown in Fig. 9(a). This novel
Transition mode is proposed as “Double-buck-clamping” mode.

Based on the above analysis, the polytope in (A1, Ag, A3)
space can be formed by the polygon in (A1, A2) plane and the
varying range of A3. With the case in Table I, a comparison of
the polytope in (A1, A2, A3) space is shown in Fig. 10.

For buck mode, the corresponding region is the line D1Dy.
For boost mode, the corresponding region is the arc EqAq. If
the Transition mode is selected as double-buck-clamping, the
Transition mode region is the arc EoF and locates within the
arc EsAs. The total polytope is only determined by buck mode
and boost mode. Note that buck mode region DD, is vertical
to (A1, A2) plane, the polytopic working region is given by the
tetrahedron D D2 E2As in Fig. 10.

In comparison, if the Transition mode is selected as boost-
clamping mode, the operation region is B4Bs. If the Transition
mode is selected as extend-buck-+extend-boost mode, the oper-
ation region is C3Cy. Both of the two Transition mode regions
locate outside buck and boost mode region, and lead to larger
polytopes. The corresponding polytope can be constructed with
the working region in (A;, Ao) plane and Az varying range,
and giVCI’l by A131D1E1A333D3E3 and A1C1D1E1A2C2D2E2,
respectively, in Fig. 10.

The proposed double-buck-clamping mode has the minimum
polytope D1DsE2A5 and the optimal open-loop dynamics, in
accordance with the analysis results.

D. Physical Explanation

The advantages of double-buck-clamping mode over the other
Transition modes can also be physically explained. For the
different Transition modes, an illustration of v,~d frequency
response is shown in Fig. 11. The frequency response of double-
buck-clamping mode fully locates within the frequency response
range of boost mode. Therefore, when considering the total
frequency response in buck mode, boost mode, and Transition
mode, the double-buck-clamping mode will not increase the total
frequency response range.
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Fig. 11.  Open-loop v,~d frequency response of MBBC.

In comparison, the frequency response band of boost-
clamping mode and extend-buck+extend-boost mode over-
reaches the frequency response range of buck and boost mode.
Therefore, the total frequency range becomes wider when adopt-
ing the above two types of Transition modes. It will results
in more conservative control design. The strict mathematical
reason can be explained with the LPV system discussed above.

Although the frequency response can provide a physical ex-
planation, the conventional small-signal model would unable to
deal with the multiple varying terms. Based on the LPV model,
double-buck-clamping mode can be found, and this is one of the
advantages for the proposed method.

IV. CLOSE-LOOP CONTROL DESIGN

Based on the LPV model, close-loop control design is ana-
lyzed in this section. To eliminate the steady-state v, deviation,
an additional variable v;, (k) is introduced as (17). The reference
output voltage V,.r is taken as a constant value

Vint (k‘ + 1) = Vint (k) + [Uo (k) -

e(k)

Viet] - a7

Based on (17), the augmented state variable is given as x(k).

~ ~ ~ ~ = T
& (k) = [ir (k) 0o (k) i (k) d (k)] (18)
The resulting discrete-time model is given as follows:
1 —%)\1 0 VOLTS A3
T, T Tioad T,
- Al — 55 0 —Head=s), |
= | RC c
z(k+1) 0 1% 3 z (k)
0 0 0 0
AQ)
0 0
_T )L 0
& |z -
+ o | (k) + ol (k) 19)
0 1
—— ~——
By, B
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Fig. 12.  Digital control diagram for multimode operation of MBBC.

Gk)y=1[0100]& (k).

~——
C

(20)

For close-loop control, the widely applied linear control given
by (21) is here adopted. The corresponding control diagram is
shown in Fig. 12. The linear control can be restructured in clas-
sical dual-loop PI form. The differences are the elimination of
integration at current loop and the consideration of one switching
cycle control delay introduced by digital implementation.

Jeq (k) = [kw kvp ki kd] z (k) . (21)

Robust stability and dynamic performance of the close-loop
MBBC can be optimized with the following two linear matrix
inequities, respectively.

Robust Stability: For optimization of load disturbance capa-
bility, the He norm ||v,||5/||és||5 is lower than s, if there exist
symmetric positive definite matrices w;, w; and matrices G, Z
such that fori = 1,....N, j = 1,....,N (N refers to the number of
vertexes of the polytopic working region)

G+GT —w; * * x

0 J7) B
AG+ByZ By w;, % | 0 (22)
CZG 0 0 ,LLI

Dynamic Performance: For given real positive scalars r and
d, defining the circle belonging to the unit circle as shown in
Fig. 13. If there exist symmetric positive definite matrices w;,
w; and matrices G, Z such thatfori =1,...N,j=1,....N

G-FGT—ULL' *

r (A —dD) G + 1 ' BuZ w;|

(23)
holds, then the close-loop eigenvalues are configured in the
circular region shown in Fig. 13.

Based on (22) and (23), the control design can be easily
implemented on MATLAB LMI toolbox. Proof of (22) can be
found in [37]. Proof of (23) comes from Theorem 4 [38] by
replacing A; and B with 7~ (A;—dI) and r—' B, respectively. With
the aid of LMI method, both robust stability and dynamic state
performance can be guaranteed by fulfilling (22) and (23). The
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Fig. 13.  Circular region (7, d) for close-loop eigenvalues of MBBC.

TABLE II
COMPARISON OF THE DESIGNED CONTROLLERS WITH DIFFERENT Hoo NORMS
AND DIFFERENT TRANSITION MODES

Transition Double- L5zl Boost- Extend-buck+
buck- buck- .
mode . . clamping extend-boost
clamping clamping
H., norm p 2.5 4 4 4
Dynamic d=0.727 d=0.719 d=0.719 d=0.719
parameters r=0.272 r=0.264 r=0.274 r=0.272
Recovery
time At (s) 0.15 0.008 0.02 0.16
kip=-0.023, ki,=-0.024, kiy=-0.02, ki,=-0.021,
Control k,,=-0.008, ky,=-0.009,  k,=-0.006, k,,=-0.008,
parameters | k,=-2%¥10°,  k=4.3%10", k~=1.7%10" = k=-2.2%10"
ki~0.27 ki~0.26 k~0.3 k~0.27
feedback gain is given by
-1
[kip kop kvi ka| = ZG1. (24)

Under given load disturbance rejection capability indicated
by the He norm g, dynamic performance of MBBC can be
optimized by adjusting the r and d values for close-loop eigen-
values. As shown in Fig. 13, to ensure damping ratio above ¢ >
0.3 and eigenvalues outside the circle R = e, the close-loop
eigenvalues should confined within the region §. This nonconvex
region is approximated by a convex circular region with d =
0.719, r = 0.264. The recovery time At of close-loop converter
is given by (25).

- 3
fsln(d+r)’

For eigenvalue region d = 0.719, r = 0.264, the corresponding
Ho norm is given by 4 (12 dB) and the control gains are listed in
Table II. According to (25), the close-loop recovery time is below
10 ms. Note that dynamic response and disturbance rejection are
two often contradictory design objectives. The Ho norm can be
decreased to 2.5 with eigenvalue region d = 0.727, r = 0.272.
As a result, the recovery time would increase up to 0.15 s. For
a balance between dynamic response and disturbance rejection,
here the Ho norm is selected at 4.

At < (25)
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Fig. 14. Tllustration of load disturbance rejection capability in frequency
domain and time domain (with different designed Hoo norm of 2.5 and 4).
(a) Comparison of v,~i frequency response. (b) Comparison of v, under load
disturbance.

To evaluate the influence of different Transition modes, the
control gains are also synthesized with boost-clamping mode
and extend-buck+extend-boost mode. For fair comparison, the
center of the circle (d) remains constant and the radius r is
increased to attain the same Ho. norm value of 4. With the
increase of r, the close-loop eigenvalues are approaching the unit
circle, indicating longer recovery time. The developed control
parameters and the related r values are compared in Table II.

With the control gains in Table II, an illustration of the load
disturbance rejection capability is shown in Fig. 14. Take double-
buck-clamping mode as an example, with different p designs, the
measured close-loop v,~i frequency responses are compared
in Fig. 14(a). The magnitude are constrained below 2.5 (8 dB)
and 4 (12 dB), respectively, in accordance with the disturbance
rejection design goals. In time domain, a 150 Hz disturbance is
imposed at current source load i;. The corresponding output
voltage v,_g2 5(f) and v,_,(#) are compared in Fig. 14(b). A
marginal improvement of output voltage can be observed in
Vo_2.5(1), in accordance with the analysis results.

However, this marginal improvement of load disturbance re-
jection capability comes at a significant degradation of dynamic
performance, as shown in the following.

A comparison of the close-loop MBBC eigenvalues under
varying load R and input voltage v;, is illustrated in Fig. 15.
For different Transition modes and different Hy, norms, the
close-loop eigenvalues are all within the corresponding circles,
in verification of the LMI design method. Besides, compared
with the design case of i = 4, the close-loop eigenvalues with
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Fig. 15.  Comparison of close-loop eigenvalues with the developed control
parameters in Table II.

(= 2.5 are very near the unit circle as shown in Fig. 15 and
the recovery time reaches 0.15 s. For a balance between robust
stability and dynamic response, the Ho, norm p is selected at 4.

Following conditions should be noted:

1) In open-loop analysis, although both two cases of
Vol Vinin > 1/Dmax? and Vo/Viin < 1/Dpax > are discussed,
the majority of practical applications belongs to the first
scenario. For maximum duty ratio Dy,,x > 0.9, it requires
Vol/Vinin > 1.2. This requirement is well met in typical
applications of MBBC as in [6]-[16], and double-buck-
clamping mode obtains the minimum polytopic working
region.

2) In close-loop control design, load disturbance rejection
capability and fast dynamic response are two often con-
tradictory goals. In the proposed algorithm, the dynamic
response is optimized under the constraint of preset load
disturbance capability indicated by H norm.

V. EXPERIMENTAL VERIFICATIONS

In verification of the optimization algorithm, a prototype of
MBBC has been built. Specifications of the circuit parameters
follow Table I. The linear digital control is implemented on TI
TMS320C6657, and the sampling rate is the same as switching
frequency fs; = 20 kHz. The current source load is implemented
on an electronic load (Chroma 63600). The designed controllers
are tested for robust voltage regulation, comparatively evaluated
with small-signal PI controller, and comparatively evaluated of
different Transition modes.

A. Stability Under Multimode Operation

For the different Transition modes, the designed controllers
are tested with varying input voltage v;j,. As is shown in
Fig. 16(a)—(c), when the input voltage v;,, increases from 24 to
72 V at a slope of 20 V/s, MBBC working mode autonomously
changes from boost mode to the selected Transition mode and
to buck mode.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Compared with extend-buck+-extend-boost mode, the double-
buck-clamping mode has higher inductor current. For typical
Dax = 0.9, the inductor current of double-buck-clamping mode
can reach at most 1.11 times extend-buck+-extend-boost mode.
Both the two Transition modes have lower inductor current
compared with boost-clamping mode. For all three Transition
modes, the designed controllers can ensure robust voltage regu-
lation through the wide operation range, in accordance with the
analysis results.

Besides, voltage overshoot appears during mode transition.
In comparison, the double-buck-clamping mode has the low-
est voltage overshoot, followed by extend-buck+extend-boost
mode. The boost-clamping mode has the largest voltage over-
shoot. The results further support the analysis result that double-
buck-clamping mode has the fastest dynamic response

B. Comparison With PI Control

A comparison of the small-signal model based PI control and
the proposed control is shown in Fig. 17. Here, the Transition
mode is selected as boost-clamping mode. For small-signal
model based PI control, the control parameters follow Section
II-B. For LPV control, to attain recovery time below 5 ms and
damping ratio below 0.3, r is selected as 0.382 and d is selected
as 0.59. As shown in Fig. 17(a), under the same load disturbance,
the LPV-based control has near the same voltage deviation as
small-signal PI control in buck mode. However, in Fig. 17(b),
the small-signal PI control has lower damping ratio and longer
recovery time in Transition mode. In boost mode of Fig. 17(c),
the damping ratio of small-signal PI control becomes even lower,
and results in larger voltage overshoot.

In comparison, small-signal PI control can only provide per-
formance optimization at the selected working mode (i.e., buck
mode) and steady-state point. For the other working modes,
the dynamic response would deteriorate. LPV-based control can
guarantee dynamic performance considering the multiple modes
and wide working range, in accordance with the analysis results.

C. Comparison of Dynamic Responses With
Different Transition Mode

In verification of the proposed double-buck-clamping tran-
sition mode, the designed control parameters in Table II are
compared under load disturbance.

In boost mode, the input voltage v;, is set as 35 V and the
voltage deviation and recovery time are measured with current
source load increases from O to 4 A. As shown in Fig. 18(a),
under different Transition modes, the corresponding recovery
time At and voltage deviation Av are as follows.

1) Double-buck-clamping mode: At = 6 ms, Ay =5.8 V.

2) Extend-buck-+extend-boost mode: At = 12 ms, Ay = 5.8

V.

3) Boost-clamping mode: At = 15 ms, Av = 6V.

In Transition mode, the input voltage vy, is set as 45 V and the
voltage deviation and recovery time are measured with current
source load increases from 0 to 4 A. As shown in Fig. 18(b),
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under different Transition modes, the corresponding recovery

time At and voltage deviation Av are as follows. imum recovery time and voltage deviation. The experimen-

1) Double-buck-clamping mode: At =7 ms, Av =5.5V. tal results are in well agreement with the analysis results in

2) Extend-buck+extend-boost mode: At = 11 ms, Av =  Section III.

55V

3) Boost-clamping mode: At =13 ms, Av =6 V. VL. CONCLUSION

In buck mode, the input voltage vy, is set as 65 V and the
voltage deviation and recovery time are measured with current
source load increases from 0 to 4 A. As shown in Fig. 18(c), with
different Transition modes, the corresponding recovery time At
and voltage deviation Av are as follows.

1) Double-buck-clamping mode: At =7 ms, Av =5V,

2) Extend-buck-+extend-boost mode: At=11ms, Av=5V.

3) Boost-clamping mode: At =13 ms, Av =54 V.

In comparison, double-buck-clamping mode has the min-

MBBC exhibits different dynamic properties under different
working modes. Potential instability and design challenge of
small-signal model based control is first analyzed. To account
for the dynamic difference, the converter has been modeled as
an LPV system. Both open-loop Transition mode and close-loop
linear control gains has been collaboratively optimized for fast

and robust voltage regulation. Key findings of this article are as
follows:
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1)

2)

3)

Size of operation region serves as an effective criterion for
evaluation of the dynamic influence of different Transition
modes.

A novel Transition mode “Double-buck-clamping” has
been proposed for the optimal open-loop dynamic per-
formance.

Based on the operation region, a linear control design
algorithm has been proposed for optimization of recovery
time and damping ratio with guaranteed robust stability.

The developed linear control gains have been tested through
wide operation range in verification of robust stability. The pro-
posed “double-buck-clamping” mode has been compared with
existing “boost-clamping” mode, “extend-buck+extend-boost”
and shows the fastest load response.

As a fundamental type of multimode converter, the LPV
modeling and analysis approach of MBBC can also be applied
for other multimode power converters.
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