i\;lg electronics

Article

Smooth-Transition Simple Digital PWM Modulator for
Four-Switch Buck-Boost Converters

Miguel Fernandez 1'%, Alberto Rodriguez !, Miguel Rodriguez 2, Aitor Vazquez !, Pablo Fernandez !

and Manuel Arias !

check for
updates

Citation: Fernandez, M.; Rodriguez,
A.; Rodriguez, M.; Vazquez, A.;
Fernandez, P.; Arias, M.
Smooth-Transition Simple Digital
PWM Modulator for Four-Switch
Buck-Boost Converters. Electronics
2022,11,100. https://doi.org/
10.3390/ electronics11010100

Academic Editor: Bor-Ren Lin

Received: 3 December 2021
Accepted: 24 December 2021
Published: 29 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Power Supply Group, Electrical Engineering Department, University of Oviedo, 33204 Gijon, Spain;
rodriguezalberto@uniovi.es (A.R.); vazquezaitor@uniovi.es (A.V.); fernandezmiapablo@uniovi.es (P.F);
ariasmanuel@uniovi.es (M.A.)

2 NVIDIA Corporation, Boulder, CO 80523, USA; miguelrg@gmail.com

*  Correspondence: fernandezcosmiguel@uniovi.es

Abstract: This paper proposes a simple, hardware-efficient digital pulse width modulator for a
4SBB that enables operation in Buck, Boost, and Buck+Boost modes, achieving smooth transitions
between the different modes. The proposed modulator is simulated using Simulink and experi-
mentally demonstrated using a 500 W 4SBB converter with 24 V input voltage and 12-36 V output
voltage range.
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1. Introduction

Cascaded Buck-Boost converters are being extensively used in a variety of applications.
Two-switch cascaded Buck-Boost converters were first proposed as Power Factor Correction
circuits [1]; evolving from this topology, four switch non-inverting Buck-Boost (4SBB)
converters have become a preferred choice in non-isolated applications where both voltage
step-up and step-down are required. Its applications include space power systems [2], DC
microgrids [3], photovoltaic systems [4], and DC power systems [5]. Among other things,
this topology features bidirectional power transfer capability, high efficiency, simplicity,
and voltage step-up/step-down capabilities. Figure 1 shows a diagram of a conventional
4SBB including a simple digital voltage feedback loop.
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Figure 1. Diagram of a digitally-controlled 4SBB.

Considering v; and v; as the input and output voltage respectively, it is desirable to
operate the 45BB as a Buck converter when v, < v1. This can be simply achieved by turning
M, on and Mj off, while switching M; and M;. Conversely, when vy > vy, it is desirable
to turn on M; and turn off My, and operate the 4SBB in a Boost-like manner switching
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M3 and My. Only one pair of switches operates in each mode, thus minimizing switching
losses and enabling high-efficiency operation. Note that this approach requires near-unity
conversion ratios when vy =~ vy, which are difficult to achieve in practice typically due to
pulse-width limitations imposed by driver ICs [6].

Several alternative operating modes have been proposed in the literature to address
this issue. In [7] a mixed Buck+Boost mode with all four switches operating at the same time
is used to achieve near-unity conversion ratios. In [8] a transition technique is proposed to
achieve a full-range, linear conversion ratio using hysteresis methods implemented on a
Digital Signal Controller (DSC). However, small discontinuities inherent to this method are
perceived in the output voltage. In [9] a DSC is also used to achieve a full-range, continuous
conversion ratio using a Buck-Boost operation applying model prediction control. This
added complexity limits operation due to long processing times. In [10] a bypass mode is
used when v; =~ vy, achieving an interesting increase in the efficiency at the cost of losing
voltage regulation capabilities. In [11] a different modulation technique, in which the four
transistors are switching in the complete operating range, is used to control the converter.
A complex transition method based on inductor current sensing is used in [12]. In [13,14]
four-mode modulation and duty-locking methods are proposed respectively to operate in
the transition region, achieving full-range conversion capabilities. Furthermore, ref. [15]
uses a similar four-mode modulation approach, decreasing switching frequency during
buck-boost operation to minimize losses.

Although the previously mentioned papers provide different methods for smooth
control, little emphasis is placed on the analysis of the transition method and its subsequent
implementation on a digital platform, which is the scope of this work.

The operation of the 4SBB converter in Buck+Boost mode used in [7] has proven to be
the most adequate approach to achieve simple and efficient near-unity conversion ratios.
However, this approach requires generating two distinct duty cycles to control each pair
of switches from the control signal d[n]. This paper addresses the issue of adequately
generating those signals in the 4SBB converter focusing on the Buck+Boost mode operation
and the transitions between modes. In that context, this work proposes a simple Digital
Pulse-Width Modulator (DPWM) for a 4SBB converter that automatically enables full-range
conversion ratios; the converter operates in the three modes (Buck, Boost, and Buck+Boost)
depending on the required conversion ratio, generating the necessary control signals for all
switches in each mode and achieving smooth transitions between the different modes. The
DPWM is based on a simple state machine that runs on top of two conventional DPWM
modulators, each one controlling one pair of switches, M;/M; and M3 /My, that can be
implemented in an FPGA or ASIC, resulting in a low-resources and easily scalable solution.

The paper is organized as follows: Section 2 describes the operation of the 4SBB
converter with near-unity conversion ratios and unveils the problem that arises in such
condition; Section 3 describes the operation principles and a simple FPGA-based imple-
mentation of the proposed smooth-transition DPWM; Section 4 shows simulation and
experimental results; and Section 5 concludes the paper.

2. Operation of the 4SBB Converter

Figure 2a shows an ideal map of the typical operating modes of the 45BB converter as
a function of the control signal d[n] in Figure 1. The conversion ratio M is defined as

M= 2. (1)

When M < 1, the 4SBB converter operates as a Buck converter, leaving M3 off and
M, on while switching M; /M. In this mode, M; is switched on during a fraction of the
switching period Ts equal to Ts-dpyck[n]. When M > 1, the 4SBB is operated in Boost mode:
M, is left on and M; is off, while switching M3/My. In this mode M3 is on during a fraction
of the switching period equal to Ts-dpoost[n]. Figure 3 shows a set of typical operating
waveforms in each mode of operation.
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Figure 2. (a) Ideal conversion ratio as a function of the duty cycle. (b) Dead zones.
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Figure 3. Main operation waveforms of the 45BB in (a) Buck mode; (b) Boost mode.

As shown in Figure 1, the control loop produces a unique control signal d[n] from
which dpyk[n] and dpoost[n] need to be obtained. According to previously the described
operation, a straightforward mapping to obtain dyyck[n] and dpeest[n] from d[n] is:

d uc [n] = d[n]
lélbcl)(ost [n] =0 } when d[n] S 1 (2)

dpuc [n} =1
dboo: [n]k: d[n] —1 } when d[n] >1 (3)

where d[n] € [0,2]. With this approach d[n] < 1 indicates Buck operation whereas d[n] > 1
indicates Boost operation.

However, this simple mapping is not feasible in practical converters; due to pulse-
width limitations imposed by MOSFET driver ICs, an upper limit for dy,yci[n] (dpuck max) as
well as a lower limit for dpgest[n] (dpoost,min) €Xist. Even if very short control pulses could
be produced by the drivers, semiconductor devices may not be able to fully switch in such
short periods, causing circuit malfunction. Therefore, it is in general desirable to limit the
actual operating duty cycles such that dpyck[n] < dpyck max and dpeest[n] > dpoostmin- This
causes the dead-zone of unachievable conversion ratios shown in Figure 2b, which in turn
leads to the modification of (2) and (3) as:

C1buck [1’1} = d[n]
dpoost {n] =0 when d[n] < dbuck,max 4)
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dbuck [n] = fpuck (d[n])
dboost [n] = fboost(d[n])

dbuck [n] =1
dboost [n} = d[n] -1

} when dbuck,max < d[n] <1+ dboost,min (dead Zone) ®)

} when d[n} > 1+ dboost,min (©)

Several representative alternatives proposed in the literature to overcome this problem
are briefly described next.

2.1. Bypass and Saturation Modes

A simple solution proposed in [10] is the use of a bypass mode. For the values of d[n]
that fall into the dead zone, the input and output voltages are relatively close and, in this
mode, the input is directly connected to the output, therefore having v, ~ v;. This solution
is easily implemented using the following mapping for the dead-zone:

dbuck [n] =1

dpoost[n] = 0 } when dpyckmax < d[n] < 1+ dpoost,min @)

A very good efficiency in the dead-zone is obtained using this solution because none
of the transistors are switching. The main disadvantage of this technique is the loss of
output voltage regulation capabilities.

A similar solution consists in using the saturated values of dpck[n] and dpeest[n] when
d[n] is in the dead-zone. The corresponding mapping is:

Clbuck [n} = Clbuck,max
dbouetn] = 0 when dpyckmax < d[n] <1 8
dbuck [1’1] =1 }
when1 < d[n] <14 d i 9
dboost [n] = dboost,min [ ] boost,min ( )

With this technique voltage regulation capabilities are also lost. However, note that in
close-loop operation the controller will jump between the nearest allowable duty cycles to,
on average, produce the required output voltage. Figure 4 shows the conversion ratio as a
function of d[n] with these two alternative solutions.
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Figure 4. Conversion ratio M as a function of d[n] using the mapping in (7) (bypass) and that is
described in (8) and (9) (saturation).

2.2. Buck-Boost Mode

The 4SBB can also be operated as a Buck-Boost converter when M ~ 1 [16], which can
simply be achieved by setting dp,ck[n] = dpoest[nt]. Note that in this mode of operation the
conversion ratio can be expressed as

dbuck [1’1] dboost [n]
M= = , 10
1- C1buck [l’l] 1- dboost [l‘l} ( )
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M =1 can be achieved by setting dpyck = dpoost = 1/2. Therefore, a simple mapping
that fulfills the desired behavior can be defined as:

dfn]

d n] = 4o
buck{ ] dz[n } when dbuck,max < d[l’l] <1+ dboost,min (11)
2

dboost [n] -

where the fact that the converter enters Buck-Boost mode when d[n] ~ 1 has been used to
approximate dpyck[n] = dpeest[nt] &= d[n]/2. With this definition both dpck[n] and dpeest[n]
can be immediately computed from d[n] at almost no hardware cost. Figure 5 shows the
conversion ratio as a function of d[n] with this operating mode.

1.3} g | | |
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M=V1/V2

Figure 5. Conversion ratio M as a function of d[n] using the mapping in (11) (Buck-Boost).

However, operation of the 45BB converter as a true Buck-Boost brings certain draw-
backs. First, it may severely increase current stresses in the power stage. Note that the
maximum inductor current ripple during Buck operation is

P T R
max{ AiL,buck} _ Vldbuck[n](lL dpuck [n]) s _ Vélln]_':l—'s ‘ 12)

In the 4SBB operated in true Buck-Boost mode as described above, inductor current
ripple is
Vldbuckfboost [n]TS ~ VinTs

L T

That is, the inductor current ripple is twice as large as the worst-case Buck mode
ripple, and may even exceed rated inductor current ripple for the design, depending on the
maximum required step-up ratio. Second, the efficiency of the converter while operating in
this mode decreases significantly due to the increased circulating currents.

Also note that when the converter enters Buck-Boost mode the inductor current ripple
suffers an abrupt change, from almost zero to a very large value. This sudden change in the
converter state variables may pose extra burdens on the control loop and is not desirable.
The abrupt state change may also cause stability issues [11].

maX{AiL,buckfboost} = (13)

2.3. Buck+Boost Mode

Figure 6 shows the operating waveforms that correspond to the Buck+Boost operation
mode. It consists in operating M; /M, with duty cycle dyk[n], while at the same time
M3 /My are operated with duty cycle dpoest[n]. Using the waveforms of Figure 6, the
inductor volt-seconds balance can be found as:

V1 -dpoost [1‘1] +(v1— VZ)'(dbuCk [1‘1] — dpoost [n]) - VZ'(l — dpuck [n]) =0, (14)
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resulting in the following conversion ratio:

_ dbuck[n]
Ml "
A T
-———— |5
- buck [n] ' Ts—h-
dbcost[n]'Ts
—| -
M, | -
& ] .
M, | | -
Mo | || o
Vi
i /ﬁ/ﬁ
Vi -
-Vs

Figure 6. Main operation waveforms of the 45BB in Buck+Boost mode.

This mode of operation is advantageous as it does not increase inductor current ripple;
it also maintains high efficiency operation during the transition and avoids abrupt changes
in the inductor current. However, a question arises on how to appropriately obtain dyycx[n]
and dpgest[n] from d[n] given the conditions dy,ck[N] < dpyck max and dpeest[N] > dboost, min-

To gain insight into this issue the state of the converter can be plotted in a (dyyck[], dpoost [N])
plane as shown in Figure 7. Assume that the converter is in Buck mode and d[n] is increasing;:
the converter then moves along the X axis until it reaches point A at the boundary of the
region of unachievable duty cycles. It must then jump to a feasible point B and, after that,
move towards D following a certain trajectory (intermediate points C could also be used as
it will be shown next). Note that d[n] is being increased throughout the process. Provided
that the simple mapping stated in (4) and (6) is maintained, once d[n] reaches dpoost min the
converter can safely enter Boost mode where (6) applies and thus move to point E. Note that
the selection of points B, C, and D and the trajectory between them determine the evolution of
the conversion ratio (M) as a function of d[n]. This issue is addressed in the next section, and it
is the main contribution of this work.
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Buck region
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Figure 7. Operation of the 4SBB converter in a (dpyck[n],dpoost[n]) plain with increasing d[n].

3. Smooth Transition DPWM

In this section a simple method is proposed to achieve a continuous and smooth behavior
of the conversion ratio M with respect to d[n]. To find a mapping d[n] — (dpyck[n],dpoost[n]) that
fulfills such requirement, it is useful to examine M in the (dpyck[n],dpoost[n]) plane. Figure 8a
shows contour plots of constant M for different (dyck[n],dpoostn]) pairs. A certain mapping
would thus be represented as a trajectory in the (dpyck[n],dpoost[n]) plane. Assume that the
converter is operating in Buck mode, with dpy[n] = d[n] and dpeegt[n] = 0, and d[n] is
increased until it reaches the maximum feasible duty cycle. To ensure continuity in M(d[n]),
(dpuck[n], dpoost[nn]) pairs can simply be chosen such that the trajectory moves along a contour
of constant M at the transition. Such trajectory is represented in Figure 8b. After moving from
B to D, once d[n] reaches d,oost min the converter can move back to Boost mode with dpoost[n]
=d[n] — 1, dpyuk[n] = 1. Note that the goal is also to maintain Equations (4) and (6) to mimic

the ideal mapping to the largest possible extent.

0.18
0.16|
0.14
0.12

0.1

0.08f

0.06

0.04

0.02p

0.18

dyoost[N]

%

o0

0.82 0.84 0.86 0.88 0.9
dpuck[n]

(a)

K
olet
508
5%
5o
50
%%

P
%
ot
A

%%
o
o
L
e
o
s
Sotates
%

Seetatet
Taotetes!
et

Z

Boost region
M=1/(1 — (d[n] - 1))

E=dhoost,min

<
S
QS
e
5
5 §

%
PSS
Sy
s
SR
35
255

St
e g

28

8

Yo

X
Foterss
55
2350
05
K

R
e
o

ot

25
25

3
P05

<

e L L
0.92 0.94 096 098 1

. <2
LT VO]
£ RIS
e R R R

0.9 0.9 0.98
buck[n] A=dycc max

(b)

Figure 8. (a) Contour plots of constant M for different values of dy ck[n] and dpoes[n1]. (b) Possible
trajectories to find the appropriate (dpyck[n],dpoost[n]) pair as a function of d[n] in order to achieve a

smooth transition. In this case dpyck max = 0.95, dboost,min

=0.05.

When the converter is in Boost mode, dpoost[n] = d[n] — 1 and dpyk[n] = 1, and the
duty cycle is being decreased, the opposite applies: at the transition point d[n] = dpoost min-
the converter enters Buck+Boost mode moving along a constant M contour. Such trajectory
is the same as the one represented in Figure 2b, but just in the opposite direction. Once
d[n] reaches dy,;ck max, the converter can move back to Buck mode with dyost[n] = 0 and

dpyck[n] = d[n].
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3.1. Ideal Smooth Transition DPWM
The conversion ratio as a function of dy,,q[n] and dpest[n] can be written as:
dpuck 1]
M(d d = —uc L 16
( buck [n]/ boost [n]) 1 — dpoost [n] (16)

Buck+Boost
region
M=dbuck/(1 = dboost)

Note that (16) is equal to (15) but in this case is used to define the conversion ratio for
all modes of operation (dpoest[n] = 0 in Buck mode, dp,k[n] = 1 in Boost mode). Moreover,
in Buck mode the conversion ratio is:

M(dbuck [n}/ dpoost [n]) = d[n}/ (17)
while in Boost mode the conversion ratio is:

M(dbuck [n]/ dboost [n]) = 1—((1[111]—1) : (18)
To mimic the ideal mapping in (2) and (3), the Buck mode conversion ratio (17) is
desired when d[n] < 1, whereas the Boost mode conversion ratio (18) is desired when
d[n] > 1. To fulfill these conditions while in Buck+Boost mode (i.e., also fulfilling (16)),
(dpuck[n], dpoost[n]) pairs must be appropriately chosen.
To ensure continuity in M(d[n]) during the transition from Buck to Buck+Boost mode,
from (16) and (17) the required dpk[n] that guarantees moving along a constant M trajec-

tory in Buck+Boost mode can be found as,

dpuck [n] - d[n]'<1 — dpoost [HD (19)

One possibility to determine (dpycx[n],dpoostn]) pairs to obtain an ideal transition is to
select dpoost[n] as dpoost, min and calculate dp,x[n] using (19) as:

Clbuck [n] = d[n] '(1 - dboost,min)- (20)

Using this approach, two different but similar trajectories to go from B to D in Figure 7
can be followed. Depending on the values of dpck max and dpoost min the two possibilities
presented in Figure 9 can be considered.

0.2

dboost[n]

0.2 .
N Buck+Boost
dboost[N] \\\M=1 region
N M=dbuci/(1 — dboost)
Boost region

Boost region
M=1/(1 - (d[n] - 1))

M=1/(1 - (d[n] - 1))

E=dboost,min

E=dboostmin

I douadn]
Buck region
M=d[n]

I
A=dbuck,max

- : i )
1 o8 dpu[n] A=dpuckmax

Buck region
M=d[n]

(a) (b)

Figure 9. Trajectories defined by (dpyck[n],dpoost[n]) pairs to go from B to D and change from
Buck to Boost mode using the Buck+Boost mode. When (a) dpyckmax < 1 — dboostmin and

(b) dbuck,max >1-— dboost,min~
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dbuckmax <1 — dboost min (Figure 9a): dp,,ck[n] obeys (20) while d[n] is lower than unity
(trajectory B-C1). At C1, dyyci[n] is fixed as dpyck max and along the trajectory C1-C dpgpst[n]
is calculated using (16) and (17):

d X
R 1)

When point C is reached (d[n] = 1, M = 1) the trajectory C-D begins. In this case, the
conversion ratio of the Boost mode (18) must be followed to ensure continuity in M(d[n])
during the transition between Buck+Boost and Boost mode. Consequently, dpest[n] must
be calculated using (16) and (18):

dboost [n] =1- (1 - (d[n] - 1))'dbuck (22)

Again for simplicity, dpyc[n] remains fixed as dpyck max and dpeest[n] can thus be
simplified to:
dboost [n] =1- (1 - (d[l"l] - 1))'dbuck,max (23)

The previous definitions are summarized in Table 1 and depicted in Figure 3a.

Table 1. Definition of (dpyck[n],dpoost[n]) pairs to go from B to D when dyck max < 1 — dboost,min-

d[n] Ranges dpuacdnl dpoost[n] Conversion Ratio (M) Trajectory
d[n] < M d[n](l - dhoost,min) dboost,min d[n] B-C1
4 1 dboost,min 4
g2 < dn] <1 dbuck max 1 — “bugkax d[n] C1-C
00st, min
d[n] >1 dbuck,max 1- (2 - d[n])dbuck/max 1—(d[1n]—1) cDb

dpuckmax > 1 — dboost min (Figure 9b): from B to C, dpest[n] is fixed as dpoost min and
dpuck[n] is given by (20) as in the previous case. However, in this case d[n] reaches 1 before
dpyck[n] (calculated using (20)) reaches dpyck max- In this case dp,k[n] must be calculated
using the conversion ratio of the Boost mode (18) to ensure continuity in M(d[n]) during the
transition between Buck+Boost and Boost mode. To follow the trajectory depicted between
C and C1 in Figure 9b dpgost[n] remains as dypstmin and dpyck[n] must be calculated to
perform the conversion ratio of the Boost mode (because d[n] > 1) and is given using
(16) and (18) as: .
dbuck [l’l] = 1_ ( Cib [(;fftﬁlln) . (24)
When using (24) dpck[n] reaches dpyck max, then dpyci[n] is fixed as dpyck max and the
trajectory C1-D takes place; dpoost[n] is calculated using (23). This possibility is summarized
in Table 2 and depicted in Figure 9b.

Table 2. Definition of (dpyck[n],dpeest[n]) pairs to go from B to D when dpyck max > 1 — dboost,min-

d[n] Ranges dpuck[n] dpoost[n] Conversion Ratio (M) Trajectory
dfn] <1 d[n](1 — dboostmin) dboost,min d[n] B-C
ledfn] <2 e S dosin ke cc1
dn] > 2 — et dbuck max 1— (2 - d[n])dpucimax - C1-D

Note that when dpyck max = 1 — dpoost,min, trajectory C-C1 does not exist and conse-
quently both Figure 9a,b and Tables 1 and 2 are the same.

Figure 10a shows M as d[n] sweeps from 0.8 to 1.2 using the previously defined
mapping. Figure 10b shows the values of dpyck[n] and dpeest[n] selected by the state
machine in each operation mode using dpck max = 0.95 and dpoost min = 0-05. Note that a
perfectly smooth transition is achieved as expected.
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Figure 10. (a) Representation of the conversion ratio M(d[n]). (b) (dpyck[n],dpoost[n]) pairs to obtain a
smooth transition between modes.

Note that, although it provides nearly perfect transitions, this ideal mapping requires
a significant amount of computational resources. For an FPGA or ASIC implementation, it
is desirable to simplify (19), (21), (22), and (24).

3.2. Simplified Smooth Transition DPWM

In order to simplify the computation of dp,c[n] and dpeest[n], a linearization of the
expressions in Tables 1 and 2 is proposed. For simplicity, dpyck max @nd 1 — dpoost min Will
be assumed to be equal. As has been previously stated, when dpyck max = 1 — dboostmin
trajectory C-C1 or C1-C does not exist and the trajectories in Figure 9a,b become the one
shown in Figure 11. Considering this simplification only (19) and (22) need to be taken
into account.

N Buck+Boost region

M=buoi/(1 = dboost) dhoost[n]

\\\ Boost region
M=1 N

M=1/(1—(d[n] - 1))

E=dboost,min

‘. — dpua[n] =\

08 A=dpuckmax

Buck region
M=d[n]

Figure 11. Trajectories defined by (dpyck[n],dboost[n]) pairs to go from B to D considering dpyck max =

1_db oost,min-

When d[n] = dyyck max, the transition from Buck to Buck+Boost mode begins. In this
transition, jump from A to B and then trajectory from B to C, dpo0st[n] is defined as dppost min
and dpyk[n] is given by (20); this expression can be approximated by its Taylor series as:

adbuck [n] |

(] — ), 25)

dbuck [1’1} = dbuck [n] |B +
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where the values at B are defined as follows:
d[n] |B = dbuck,maxr (26)
dpuck[M][B = dpucks = d[n][B* (1 — dpoost,min) 27)
= dbuck,max'(1 - C1bo¢:>st,min)-
Using (26) and (27) dpyck[n] is given by:
dbuck [n} = Clbuc:k,B + (1 - dboost,min)'(d[n} - dbuck,max)' (28)

Finally, to avoid multiplications in (28), (1 — dpoost,min) iS approximated by 1, allowing
a simple calculation of the value of dp,k[n] as:

dbuck [n] ~ C1buck,B + d[n] - dbuck,max = dbuck,max'(1 - dboost,min) + d[n] - dbuck,max . (29)

This trajectory ends when dpyck[n], calculated using (29), is equal to dpyck max and the
point C is reached. To follow the trajectory C-D, dpyck[n] is now defined as dyyci max and
dpoost[n] is given by (22); this expression can be also approximated by its Taylor series as:

s [1] = ool lc-+ 2522 e (d ] - ), 0)

where the values at C are defined using (29) as:
d[n]|c = 2dpuck,max — dbuckmax (1 — dboost,min), (31)
dboost[M]|c = dboost,c = dboostmin- (32)
Using (31) and (32) dpoost[n] is given by:
dboost ] = dboost,c + dbuck max* (A[N] = 2dbuck max + dbuckmax* (1 = dboostmin))-  (33)
Once again, to avoid simplifications in (33), dpyck max is approximated by 1, resulting in:
dboost[N] & dboostmin + d[] — 2dbuckmax + dbuck,max (1 — dboost,min)- (34)

Table 3 summarizes the approximated expressions to calculate (dpyck[n],dpoostnn])
pairs and to obtain the trajectory presented in Figure 11.

Table 3. Definition of (dpyck[n],dpoest[nt]) pairs to go from B to D as a function of d[n] using the
proposed simplifications. Note that all the expressions are in function of d[n], dpyck max, and dpoost min

(dbuck,B = dbuck,max'(1 - dboost,min))‘

d[n] dbuck [n] dboost [n] Trajectory
d[n] < 2dbuck/max - dbuck,B dbuck/B + d[n] - dbuck,max dboost,min B-C
d[n] > Zdbuck/max - dbuck/B dbuck,max dboost, min + d[n] - 2dbuck,max + d-buck,B C-D

Using (29) and (34), a simple modulator that chooses adequate (dpyck[n], dpoost[1N]) pairs
while maintaining quasi-smooth transitions can be implemented. This method reduces the
computational requirements and the time required to calculate each duty cycle allowing a
very simple and cost-effective FPGA or ASIC implementation.

With the proposed implementation and a proper selection of dy,c p, a completely
smooth transition can be obtained between Buck and Buck+Boost mode while a small dis-
continuity appears in the transition between Buck+Boost and Boost mode (see Figure 12a,b).
To avoid steps in the transition between Buck and Buck+Boost mode, the point dp,,cx g has
been defined using (27).
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Figure 12. Conversion ratio M(d[n]) using a linear approximation to obtain dyck[n] and dygest[n].
(a) Small step in one transition using dpyck max = 0.95 and dpoost,min = 0-05. (b) Higher step using
dbuck max = 0.9 and dpoestmin = 0-1. (c) Distribution of the step in both transitions.

The step in the transition between Buck+Boost and Boost mode is due to the approxi-
mations carried out in (29) and (34). Figure 12a shows a representation of M(d[n]) using
the proposed implementation in Table 3 and values of dpyck max = 0.95 and dpoost,min = 0.05.
As can be seen, the step in the transition between Buck+Boost and Boost mode is relatively
small. However, for wider ranges of forbidden values of dpcx[n] and dpoest[n] (wider dead
zone) the step can be higher. Figure 12b shows M(d[n]) using the same implementation
with values of dpyck max = 0.9 and dppst min = 0-1. A simple modification is proposed next
to reduce the magnitude of the discontinuity.

3.3. Simplified Smooth Transition DPWM with Distributed Conversion Ratio Steps

The discontinuity can be easily distributed between both transitions using a different
value for dy,p. The new value that replaces dy,p is called dpyckp2. To determine
the value of dy,,cx gy, first the error in the conversion ratio obtained using dy,ck g, AM, is
calculated as:

AM = Mbuck+boost|D - Mboost|E' (35)
1
MpoostlE = 7—5—— (36)
OOSt‘ 1- dboost, min
dbuck max dbuck max
Mpuck+boost|D = : = ’ ’ (37)
uekt OOSt’ 1-— dboost [1’1] 72dboost, min T Zdbucl(,max - dbuck,B

Using (37) the new value (dp,ck p2) to distribute the step in both transitions can be

calculated as:
dbuck B2 = dpucks — AM/2. (38)

Figure 12c shows the results, where the discontinuity has been evenly distributed
between both transitions.

Table 4 shows an estimated error of the different implementations proposed. The
Buck-Boost solution presented in Figure 5 and the ideal solution shown in Figure 10 are
also shown for reference. This error is calculated using the following expression,

J (Migeal(d[n]) — Mcomp(d[n]))?
f Mideal (d [1’1] )2

error = for dbuck,max < d[n} <1+ C1boost,mirv (39)
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Table 4. Comparison of the conversion ratio obtained with different implementations.

Implementation Error Normalized
dbuck,max =0.95, dboost,min =0.05. One _5
step in the Boost transition 1.04 < 10 4.16
dbuck,max =0.95, Clboos’t,min =0.05. Two _6
steps distributed 250 x 10 1
Clbuck,max =0.95, dboost,min =0.05. 4
Buck-Boost mode. 8.09 x 10 323.6
dbuck,max =0.90, dboost,min =0.10. One 4
step in the Boost transition 2.13 x 10 434
dbuck,max =0.90, dboost,min =0.10. Two _5
steps distributed 4.90 x 10 1
dbuck,max =0.90, dboost,min =0.10. 317 x 1073 6169

Buck-Boost mode

Migeal(d[n]) being the conversion ratio of the ideal solution and Mcomp(d[n]) the
conversion ratio of the implementation under comparison, while d[n] is increased from
dbuck max t0 1+dpoostmin- Figure 13 shows the different strategies that have been presented
in an example with dp;ck max = 0.9 and dpgst min = 0.1. From Figure 13 and Table 4, the
implementation that distributes the step in both transitions achieves the best results.

1.2 —

115 v, T . SR e
: Buck:Boost

One ste
v

Two steps

090 094 098 1 102 1.6 1.1
d[n]

Figure 13. Conversion ratio M(d[n]) in function of d[n] using different implementations in comparison
with the ideal.

3.4. Complete Smooth Transition DPWM with Hysteresis and Dead-Times

During practical operation two additional issues arise. First, a hysteresis value (h)
needs to be introduced to avoid undesired chattering between modes, in a similar way as
in [8]. This value is applied to change from Buck+Boost mode to either Boost or Buck mode.

Second, the use of dead times in each pair of transistors is required. These introduce a
slight decrease in the effective duty cycle that in turn causes a decrease in the output voltage
and thus in the conversion ratio. In Buck or in Boost mode, only one pair of transistors is
switching and thus only its dead time affects the conversion ratio. However, in Buck+Boost
mode the four transistors are switching and both dead times contribute to decrease the
conversion ratio. This effect can be easily accounted for by adding its value to the calculated
duty cycle. Only the effect of the dead time in M3/My pair of transistors in Buck+Boost
mode is corrected. Consequently, the effect of the dead times of only one pair of transistors
contributes to decrease the conversion ratio in all the operating modes and thus it does not
impact the transition between modes.

Figure 14 and Table 5 show the final DPWM state machine including the hysteresis (h)
and the correction of dead time (dtyog) effect in M3/My.
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Buck

d<dbuck,max_ h

d>2dbuck,max - dbuck,BZ
Buck+
Boost
(Trajectory
C-D)

d>dbuck,max

d<2dbuck,max — Dbuck B2

Boost

d>1 +dboost,min +h

d<t + dboost,min
Buck+
Boost
(Trajectory
C-D)

Figure 14. State machine including the hysteresis (h) and the correction of the dead times (dt,est iS

the dead time used in M3 /M4 pair).

Table 5. Definition of (dpyck[n],dpoost[n]) pairs.

Mode

Output

Buck

dpyuck[n] = d[n]
dpgost[n] =0

Buck+Boost (Trajectory B-C)

dpuck[n] = dbuck,BZ +d[n] — dbuck,max
dboost [n] = dboost,min + dtboost

Buck+Boost
(Trajectory C-D)

dpuck[n] = Clbuck,max
dpoost[n] = dboost,min +d[n] — dbuck,max +
dbuck,BZ + dtboost

Boost

dpuck[n] =1
dpoostln] =d[n] — 1

4. Results and Discussion

The operation of the 45BB with the proposed modulator has been simulated using
Simulink-MATLAB® and the Simpower toolbox. The parameters presented in Table 6 have
been used both in simulation and during the experiments.

Table 6. Specifications of 4SBB to obtain simulation and experimental results.

Input voltage:
Output voltage:
Maximum power:
Switching frequency:
MOSFETs:
Inductance value:
Output capacitance:
Maximum duty cycle:
Minimum duty cycle:
Dead times:
Hysteresis:

v1=24V
vy =12-36 V
Pmax =500 W
fsw = 100 kHz
IRFB4310Z
L=8uH
Cy =470 pF
dbuck,max =090
Clboost,min =0.10
dtpoost = 0.01
h=0.02

To validate the proposed approach the control variable d[n] is swept from 0.8 to 1.2.
The signals dyyck[n] and dpeest[n] produced by the state machine are fed to two conventional
DPWMs that generate the gate signals for My /M, and M3 /Mjy.

Figure 15 shows the simulated output voltage obtained during the sweep for the
approaches described in Section 2.1 as a reference. Note that the case where there are
no limits for dpyck[n] and dpeest[n] produces an almost perfectly smooth transition as
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expected. The waveform corresponding to the bypass mode using dpyck max = 0-90 and
dboost min = 0.10, and the waveform corresponding to the mapping dpyck[n] = dbyck max
when dbuck,max < d[n] <1 and dpgest[n] = dboost,min when 1 <d[n] <1+ Clboost,min are
also shown.

28 B B B
z : A .
2r l \ Usmg .
: : :° and dbgostmin
of i e o ,\',\L A
® H
(] )
= B
C of e AADYPESSINOFE Fo
> 7
5 :
=3 :
3 24

—_——

dboost[n] limit j

0.85 09 0.95 A1 1.05 X 1.15
d[n]

Figure 15. Simulated output voltage considering dpyck max = 1 and dpoostmin = 0 (continuous line).

Simulated output voltage for dpyck max = 0-90 and dpgestmin = 0.10, using two simple solutions to

determine dpck[n] and dpgest[n]. Solutions presented in Section 2.1 (dashed and dotted lines).

Figure 16 shows the simulated output voltage for different implementations of the
proposed method. The dashed waveform corresponds to the ideal implementation detailed
in Tables 1 and 2, without dead-time correction. The continuous waveform shows the
ideal implementation with dead-time correction. Finally, the dashed and dotted waveform
corresponds to the proposed simple DPWM (Table 3) using dy,ck g2, Whereas the dotted

uses dpyck B-

27

One stepf
(dbuck,B) :

N
(2]
T

........................

N
[$)]

N
S
T

Ifdea\ W\thou:l dead
: time correction
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8

N
N
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N
=

Two steps
(dbucé,BZ)
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din]

Figure 16. Comparison between the output voltage simulation obtained using the different pre-
sented implementations of the state machine to define dy,[n] and dpest[n] depending on the

operation mode.

A 4SBB prototype was used to experimentally test the proposed approach. An FPGA
Virtex 4 SX35 from Xilinx [17] has been used to implement the control modulator of the

prototype. Figure 17 shows a picture of the prototype.
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Figure 17. Picture of the 45BB prototype.

As in the simulation results, a variable duty cycle is generated by the FPGA with
the same values (d[n] from 0.8 to 1.2). This signal is used by the proposed modulator to
generate the two duty cycles (dpyck[n], dpoost[n]). Finally, a DPWM modulator generates the
complementary control signals of each MOSFET.

The different alternatives mentioned before were synthesized, yielding a resource us-
age shown in Table 7(prior to synthesizer optimization). As can be seen, the main difference
is the required multipliers in the case of the ideal modulator as has been previously detailed.

Table 7. Resources used in the FPGA for the different modulators.

Finite State D-Type .1
Modulator Machine Flip-Flop Adder/SubtractorMultiplier Comparator
Ideal 1 73 5 2 5
Simplified 1 73 9 0 5

Figure 18 shows the output voltage of the 4SBB using the presented implementations
of the proposed control modulator. Figure 18a the ideal implementation presented in
Table 2 is used. As can be seen the output voltage shows no discontinuities, achieving
an almost perfect transition. Figure 18b shows the output voltage obtained using the
proposed simplified method (Table 5); over imposed is the simulation result, showing
good agreement. A slight step in the transitions can be appreciated. Figure 18c shows the
output voltage using a narrower dead-zone (dpyck max = 0.95 and dpost min = 0.05), where
the discontinuity is almost non-existent, and the effects of the hysteresis are highlighted
(also Table 5 is used).
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Figure 18. Experimental results. (a) Using the ideal implementation (Table 2). (b) Using the proposed
simplified method (Table 5) with dpyck max = 0.9 and dygogt,min = 0.1. (¢) Using dyyck max = 0.95 and
dboost,min = 0.05 and showing the hysteresis effect.

Finally, the main operation waveforms in each operation mode are shown in Figure 19.
As can be seen, the inductor current ripple in Buck+Boost mode is small as expected.

i 1.00v/ @ 500V/ 5.00V/ 200V/ g -46008 20005/ Auto # R} 5.1V Al 1.00v/ @ 500V/ 5.00V/ & 46005 20005/ Auto # Q] 5.7V

Inductor current

Inductor current K

M3 gate

(@) (b)

U 100v/ @ 500V/ 5.00V/ & 46008 20005 Auto & Q) 513V U 1.00v/ | 5.00V/ 5.00V/ & 46008 2000¢/ Auto § HI 5.17V

Inductor current

Inductor current L
ek | J

M3 gate
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Figure 19. Main operation waveforms in each operation mode. (a) Buck mode (d[n] = 0.90), (b) Boost
mode (d[n] = 1.10) (c¢) Buck+Boost mode (d[n] = 0.98), and (d) Buck+Boost mode (d[n] = 1.02.

A qualitative analysis has been made, testing and comparing this implementation
against some of the main referenced methods. The results are listed in Table 8. Apart from
overall efficiency and output voltage regulation, other aspects that evaluate their universal

applicability have been taken into account. They are computational cost, complexity of the
implementation, and scalability.
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Table 8. Performance comparison.

Mode Efficiency o‘;:ggul:lzgl(:;ge Computational Cost  Complexity  Scalability
Pass-through [10] High Low Low Low High
One-mode modulation [13] Low High Medium Low High
Duty-locking [7] Medium Medium Medium Medium Medium
Hysteretic control [8] Medium Medium Medium Medium Medium
Model-predictive control [9] Medium Medium High High Low
This work Medium Medium Low Medium High

From these results, it can be seen that [10] gives the highest efficiency and lowest
complexity in general, but the output voltage is not regulated when input and output
voltages are similar. Furthermore, [13] sacrifices efficiency for ease of implementation,
while [7] and [8] constitute a good compromise between complexity and efficiency. It can
be observed that [9] provides a similar result and uses a novel implementation, but its
computational cost is way higher than the other options. Our work, on the other hand,
while providing similar results, takes computational cost to a minimum and it is more
scalable than the other options.

5. Conclusions

Four-switch Buck-Boost converters are widely used in many applications where volt-
age step up and down capabilities are required; however, near-unity conversion ratios are
difficult to achieve due to limitations introduced by driver ICs.

In this work a simple digital pulse-width modulator for 45BB converters that auto-
matically produces adequate control signals to achieve full-range conversion ratios has
been proposed. The modulator enables operation in Buck, Boost and Buck+Boost modes,
ensuring high efficiency and guaranteeing relatively smooth transitions between the dif-
ferent modes. A light-resource hardware implementation, FPGA-based, composed of a
simple state-machine and two conventional pulse-width modulators is proposed. This
way, scalability and adaptability to the different applications is enabled. The proposed
solution also addresses non-idealities such as dead-times or hysteresis; its feasibility has
been demonstrated through simulations and experiments, achieving full-range conversion
ratio and smooth transitions in a 500 W 4SBB converter with 24 V input and 12-36 V output
voltage range. However, it should be noted that the proposed DPWM solution still has
room for improvement, mainly in the minimization of the step that appears due to the sim-
plification of the duty cycles, but also it would be interesting to study the performance in
other aspects, such as increasing switching frequency operation or voltage ripple reduction.
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Abbreviations

The following abbreviations are used in this manuscript

PWM Pulse Width Modulation

4SBB 4-Switch Buck-Boost

DC Direct Current

ADC Analog to Digital Converter
DsC Digital Signal Controller

DPWM Digital Pulse Width Modulation
FPGA Field Programmable Gate Array

IC Integrated Circuit
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
ASIC Application Specific Integrated Circuit
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