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Abstract: The hysteresis control combined with PWM control
non-inverting buck-boost was proposed to improve the light
load efficiency and power density. The constant inductor
current control ( CICC) was established to mitigate the
dependence on the external components and device variation
and make smooth transition between hysteresis control loop
and pulse width modulation (PWM) control loop. The small
signal model was deduced for the buck and boost operation
mode. The inductor current slope control ( ICSC) was
proposed to implement the automatic mode transition between
buck and boost mode in one switching cycle. The results show
that the converter prototype has good dynamic response
capability, achieving 94% efficiency and 95% peak efficiency
at full 10 A load current.
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attery is the most extensive use power supply in most
B applications, including electronic devices ( mobile
phone, wearable devices, etc.), automotive infotainment
and start-stop system''”. Battery voltage can be either
greater or lower than the system operation voltage no mat-
ter it is charged or discharged. Thus, the implementation
of non-inverting buck-boost converters is critical for regu-
lating purpose. Compared with Sepic, Zeta and Flyback,
four-switch buck-boost has much lower switch stress and
magnetic element power loss, resulting in better EMI per-
formance and higher power density. The traditional non-
inverting buck-boost employs four switches with three-
mode control to realize the up-down transition. However,
since the hysteresis AV is introduced to avoid the fluctua-
tion of the duty cycles, the line regulation performs not
good enough when input voltage is close to output volt-
age"”. Even with the compensation technique'” or extra
circuit like PLL"', the dead zone still exists and the output
voltage drops as the input voltage changes. The hybrid
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feed-forward control scheme'®”

improves the line transient
performance but needs input voltage sensing, one more dy-
namic sawtooth generator’™ and PWM comparator, which
together make the system control more complicated™ . Al-
though hysteresis control could improve the efficiency in
light load and load step response, the transition between
hysteresis mode and PWM mode is not smooth or accurate
due to the variation of external component parameters. The
tradition hysteresis mode relies on the two non-overlap
thresholds 7, (load current from PWM to hysteresis) and
I,,(load current from hysteresis to PWM)!"”. The buck
converter usually senses the inductor current as the load
current and makes the decision by comparing with a refer-
ence current threshold. However, the inductor current of
boost and buck-boost is related to the V, and V,. This pa-
per proposes a constant inductor current control ( CICC)
method to make the operation mode transition smooth be-
tween hysteresis control mode and PWM control mode.
Compared with the fixed transition current threshold, the
CICC scheme decouples from the input and output voltage
change and the parameter variation of external components.

In this paper, an inductor current slope control (IC-
SC) method is proposed to transit the operation mode be-
tween buck and boost in one switching cycle automatical-
ly so that it can mitigate both overshoot and undershoot of
the output voltage when the input voltage changes.

1 System Architecture

The proposed buck-boost loop control architecture is
composed of the hysteresis control loop and PWM control
loop shown as Fig. 1. The hysteresis control loop is effec-
tive during light load while the converter transits to PWM
control loop when the load increases. In hysteresis loop
control, the CICC control block makes inductor current
(1) operate between the peak current limit (/,) and the
zero current (/,.) until the output voltage (V,) exceeds
the rising threshold of the feedback hysteresis comparator
(FHC). Then the converter works from the alive state to
the sleep state, dramatically saving the controller loss and
switching loss, and obviously improving the efficiency in
light load condition. With the average inductor current
ramping up, the valley inductor current increases gradual-
ly more than the zero current (/,.), leading to the con-
verter transition from hysteresis mode to PWM mode.
The CICC is proposed to make the peak to valley inductor



172

Yao Suyi and Jiang Jianguo

current operate with a constant value as [, so that the
control scheme can easily implement the smooth transition
between hysteresis control loop and PWM control loop.
The efficiency dip is eliminated at the mode transition
point,
rent transition threshold.

compared with the traditional fixed inductor cur-
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Fig.1 The novel buck-boost control diagram

Both in hysteresis and PWM control, ICSC block sen-
ses I,. With a given inductor, the slope of I, is in pro-
portlon to the voltage across the inductor. (V, - V,)/L is
the common coefficient in buck-boost mode so that it can
be a uniform input as the current slope comparator which
determines the boost or buck mode in one switching cy-
cle. ICSC can greatly improve the line regulation per-
formance and improve the efficiency when the V, is close
toV,.

2 System Implementation
2.1 Inductor current slope control (ICSC)

The state machine transition diagram of Fig. 2 shows
the operation principle of ICSC. At the initial state, as-
suming that V_ is greater than the reference of the feed-
back hysteresis comparator (FHC),
ating in the sleep state S1 with all switches off which are
shown in Tab. 1. When the output signal of FHC turns to
low, the converter transits to buck mode S3, in which
M1 and M4 are turned on, if V, is greater than V_. When
I, exceeds I(PK=1), the converter transits to mode S4,
in which M2 and M4 are turned on. Until /; is equal to
the zero current (ZC =1), the converter transits back to
mode S3. As long as the FHC and Cg, keep low, I
ramps up and down between zero current (/,.) and I,.
The Cyy; is the output signal of the boost mode compara-
tor with two inputs as of inductor current and boost mode
current threshold 7., as shown in Fig. 3. When V; is
higher than reference voltage Vi s, FHC goes high
and the converter transits back to the sleep state SI.

When V, becomes lower than V_ in S1 or S4 under
buck mode, the converter changes to boost mode immedi-
ately in state S3 if only /; is lower than the boost mode

the converter is oper-

Fig.2 ICSC operation state machine
Tab.1 ICSC control scheme
State M1 M2 M3 M4 Mode
S1 OFF OFF OFF OFF Sleep
S2 ON OFF ON OFF Boost
S3 ON OFF OFF ON Buck
S4 OFF ON OFF ON Buck
S5 ON OFF OFF ON Boost
I
(b)
Fig.3 Mode transition of inductor slope control. (a) Buck

mode; (b) Boost mode

current threshold I, at the delay T, since the rising
slope of I is proportional to V,, — V, and can be inferred
as the V,, and V_ relative level. When the V, turns lower
than V_ after the delay Ty but before 1, hits [, the extra
check at delay T, is to assure that the converter changes
to boost mode. At delay Ty, if 1, is still lower than [,
the comparator output Cq,, transits to high and M1 is
turned off. The converter changes to boost mode in the
next switching cycle.

Under boost mode, the converter operates between S2
and S5 as /; ramps up and down between the peak current
1, and zero current (I,.), if only FHC and Cyy keep low.
Cyy 1s the output of the buck mode comparator, with two
inputs as of the inductor current /; and the buck mode cur-

rent threshold I,,. If V, becomes higher than V_ in SI or
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S2, it transits to the buck mode immediately in state S5
when [, is higher than I, at the delay T}, since the falling
slope of I, is proportional to V, — V, and can be inferred as
the V,, and V, relative level. If V, becomes higher than V,
after the delay T, but before /; hits /,., the extra check at
delay Ty, is to assure that the converter changes to buck
mode as well. At delay Ty,,, if I, is still higher than 7.,
the comparator output Cy, transits to high and M4 is
turned off. When V,;, is higher than the reference voltage
Vier nys» FHC goes high and the converter transits back to
the sleep state S1.

Based on the control scheme analysis, these transitions
of the operation mode are all completed in one switching
cycle with ICSC control. Furthermore, V, is charged up
quickly and the converter goes to sleep state automatically
as the IL slope is flat and the /, is much larger than the
load current. Therefore, compared with the conventional
buck-boost without operation mode detection, there is no
efficiency degraded when V, is close to V.

The mode transition threshold of V, and V_level can be
expressed as

IBSTL

( Vin - Vo) buck—»boost — TBST (1)
Iy L

( Vo - Vin) boost—buck — ;WK (2)
BK

As voltage drops in M1 ~ M4, it is necessary to set the
mode transition threshold for V,, slightly higher than V.
The boost-to-buck threshold is larger than the buck-to-
boost threshold to avoid glitches during mode transitions.

2.2 Constant peak and valley inductor current con-
trol

CICC is proposed as the constant peak and valley in-
ductor current control scheme. It is not an external com-
ponent dependent control scheme that can smoothly and
accurately transit between hysteresis loop and PWM loop.
In order to improve the efficiency and transient perform-
ance, the hysteresis control loop is more effective with
light load. The inductor current ramps up and down be-
tween I, and zero current until V, exceeds the hysteresis
window and then the converter goes into sleep mode to
reduce the switching loss and controller loss. With the in-
crease in the load current, V_ and V., drops gradually as
the inductor current from peak to valley is constant.
Meanwhile, the compensation node voltage of error am-
plifier increases to enlarge the load capability and PWM
control loop is effective on the output regulation after 32
clock cycles. Finally, the reference voltage of hysteresis
control and PWM control are adjusted simultaneously to
cancel the load regulation under different control modes.
Fig. 4 shows the control loop transition from hysteresis to
PWM.
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Fig.4 Hysteresis to PWM mode transition of CICC

Similarly, the inductor current and compensation node
voltage decrease as the load current decreases. The con-
verter starts to skip switching pulses when V; goes higher
than V.. v as the inductor current from peak to valley is
constant. Meanwhile, the compensation node voltage of
the error amplifier decreases and the hysteresis control
loop is effective on the output regulation after 8 burst cy-
cles. Finally, the reference voltage of hysteresis control
and PWM control are adjusted simultaneously to cancel
the load regulation under different control modes. Fig. 5
shows the control loop transition from PWM to hysteresis
mode.
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Fig.5 PWM to hysteresis mode transition of CICC

Under the hysteresis mode, the hysteresis frequency is
defined by the hysteresis window V,, peak current [, in-
put voltage V,

in?

output voltage V_ and load R.

2(1,/2 -V,/R)V,/R Buck
v, CI ue
; AN -V/VI2-V/RIV/R
= 00S
HYS Vh CIp
2[V,I/(2V,) -V./RIV./R
L Buck-boost
v,Cl,

(3)

Under PWM mode,
with peak current /, input voltage V;

in?

the switching frequency varies
output voltage V,
and inductance L.
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Vo( Vin - Vo)

V.IL Buck
Fowns = ValVom V) poost (4)
P VI L
L Buck-boost
(Vo +V)IL

2.3 Small signal model

As the switching frequency in PWM mode varies with
load current, introduce ¢, and ¢, to replace duty d as the
small signal variants,

1

A _

to=t, +tg=t,+L v to +L7"0 (5)
Solve it with small signal perturbation,
Ao I . L. . ((1-DT..
- oo g2 7 s
t§ - ton + L ‘/0 ton L Vi Vo ton VO o (6)
Take buck mode as an example to deduce the small signal
model,
t,, =dt, (7)
¢, =dT, +Dt, (8)
. (1-D)i,+D(1 -D)T.v,/V,
d=( ) on ( ) S0 o (9)
TS
. ) Ai . V. -V,
lp=<lL>+7L=<lL>+ oL t,, (10)
K 2 {}\m - {;o Vin - Vo"
i, =) + 5T T, + T (11)
A 2L | » DT,. DT..
t, = = (1) ==, : 12
o Vm-Vo(l" () =5 vn* 2LV°) (12)

Substitute Eq. (12) to Eq. (9) and consider the cur-
rent sense gain as R,. Vv, is the output signal of the exter-
nal voltage loop.

DTR,.

2L . ) i
VTR \ VRO = vt

in© s hi

T.R,.
—v, | (13)

8:

According to the average model of the three-terminal
device, the buck mode parameters of the CICC buck-
boost can be defined as

d 2L 2DD’
Fo = v, V.T.R, ™~ LR, (14)
a4 LR
Fg_vin_ _2VinD, (15)
_d LR
F.= v, 2V.D' (16)

The CICC buck mode small signal switch model is

shown as Fig. 6. Here K, =1 indicates it is the average in-
ductor current control because peak current mode has the
sample and hold delay in high frequency range that is k, =
H(s) =1-s/(1/T,) +s/(w/T,)*. Therefore, the
CICC mode is similar to the average current mode, but
with better inner current loop response than peak current
mode. The control-to-output transfer function is
v, R(sR,C+1)

V. TR(T.s/2+1)(sRC+1) (17)

4
Vin

- Power stage

Fig.6 Small signal model diagram of CICC buck mode

The loop modeling parameters of three operation modes
are summarized in Tab.2. It is easy to extend to control-
to-output transfer function of the boost and buck-boost
mode. Fig.7 shows the control-to-output transfer function
of buck and boost modes. These are both single pole sys-
tems so the converter keeps stable during the buck and
boost mode transition.

Tab.2 Loop modeling parameter summary

Operation mode F. F, F,
Buck 20D TR, LR
I,R; 2V, D’ 2V, D'
B 2DD’ IR, IR,
oost IR, ~2V,DD’' 2V.D
DD’ I,R,D I,R;
Buck-boost IR, - 2W.D' 2V,

3 Experimental Results

Wide output voltage range (6-36 V) and input voltage
(540 V) are achieved with 10 A maximum load current
(2.4 A). The prototype specifications are listed in Tab.
3. The typical output voltage is 12 V with 2.4 A peak to
valley 7,. With ICSC control, the converter is operating
in buck mode with 36 V V,_, in boost mode with6 V V|
and in buck-boost mode with 12V, . When the voltage

difference is small between V, and V_, switch M1 and
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Fig.7 Control-to-output transfer function of CICC buck-boost
converter. (a) Amplitude; (b) Phase

Tab.3 Prototype specifications

Parameter Value
Vi/V 540
V,/V 6-36
Inductor/pH 2.2
Output capacitor/ wF 100
Error amplifier gain/pS 660
Current sense resistor/m{) 2
Compensation resistor/k() 30
Compensation capacitor/nF 2.2

switch M4 are almost always on during the switching
phase until V_ is charged to larger than the reference rising
threshold of the hysteresis comparator.

The load transient response is shown in Fig. 8. The
load step is 5 A, the half of the full load with 1 A/ps
slew rate. The output voltage deviations are all less than
4% . Fig.9 is the line transient response. The maximum
output voltage deviation is 3. 8% with 7 to 18 V line tran-
sient and 0.1 V/ps slew rate.

Fig. 10 illustrates the conversion efficiency in different
V... The peak efficiency reaches 95% and the full load ef-
ficiency is 94% . Furthermore, the efficiency is greater
than 76% when the load current is more than above 10 mA.

4 Conclusion

1) A novel ICSC non-inverting buck-boost converter
with automatic and fast buck and boost mode transition in
one switching cycle is proposed in this paper. The con-

verter avoids the output voltage fluctuation with small
output ripple.
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2) With the CICC control, the converter can also converter suitable for PV application [ C ]// 2020 IEEE
smoothly transit between hysteresis loop and PWM loop. Calcutta Conference. Kolkata, India, 2020: 19670134.
The stability is verified with small signal analysis. DOI} 10. 1109/ CALCON49167‘ 2020. 9106477.

3) The load transient response measurement shows less 6] Akhﬂes}; Kéf'yakshmlnmaﬁmz N.bli:(l)(n:(())(l)si(:}clzl;ferft‘fct

. . . improved efficiency in a H-bridge -
than 4% dev1at101.1 .w1th half of full 10?1d. step. It achieves [ é) 1//2018 IEEEy International Conference on Power
the 95% peak efficiency and 94% efficiency at full 10 A Electronics, Drives and Energy Systems. Chennai, India,
load. 2018 18654899. DOI; 10. 1109/PEDES. 2018.
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