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(57) Abstract: An apparatus comprises a voltage supply (105) configured to provide an input voltage, a buck-boost converter (110)
coupled to the voltage supply (105) and comprising an inductor (120), and a buck-boost controller (115) coupled to the power supply
(105) and the buck-boost converter (110). The buck-boost controller (115) comprises a mode controller (150) coupled to the buck-
boost converter (110) and a comparator (144) coupled to the mode controller (150) and the buck-boost converter (110). The comparator
(144) is configured to compare an error signal based on an output voltage of the buck boost-converter (110) to an output current of
the inductor (120) to produce a control signal. The mode controller (150) is configured to control the output voltage at least in part
according to the control signal.
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NON-INVERTING BUCK-BOOST CONVERTER CONTROL

BACKGROUND
[0001] Voltage converters convert an input voltage into an output voltage that is, in
many circumstances, different than the input voltage. Buck converters provide step-down
conversion in which the output voltage is less than the input voltage. Boost converters
provide step-up conversion in which the output voltage is greater than the input voltage.
Buck-boost converters provide both step-down and step-up conversion in which the

output voltage may be less than, or greater than, the input voltage.

SUMMARY

GOO2T  In some embodiments, an apparatus comprises a voltage supply configured to
provide an input voltage, a buck-boost converter coupled to the voltage supply and
comprising an inductor, and a buck-boost controller coupled to the power supply and the
buck-boost converter. The buck-boost controller comprises a mode controller coupled to
the buck-boost converter and a comparator coupled to the mode controller and the buck-
boost converter. The comparator is configured to compare an error signal based on an
output voltage of the buck boost-converter to an output current of the inductor to produce
a control signal. The mode controller is configured to control the output voltage at least in
part according to the control signal.

00031 Other embodiments are directed 1o 8 buck-boost controller comprising a current
comparator configured to compare an error signal to an inductor current of a buck-boost
converter and a first time generator coupled to the current comparator and configured to
generate a first signal indicating a first time period at least partially based on an output of
the current comparator. The first time period is a time period for controlling the buck-
boost converter to operate in a first operation mode. The controller also includes a mode
controller coupled to the first time generator and configured to generate a first control
signal to control at least a first portion of the buck-boost converter at least partially

according to the first signal indicating the first time period.
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[GG34Y  In yet other embodiments, a method comprises controlling a first pair of transistor
switches in a buck-boost converter comprising four transistor switches to turn on and
begin a time period TON_b, controlling a second pair of transistor switches in the buck-
boost converter to turn on when the time period TON_b expires and begin a time period
TOFF_Db, controlling the first pair of transistor switches to turn on when a control signal is
received before the time period TOFF_b reaches a maximum threshold time TOFFmax,
controlling a third pair of transistor switches in the buck-boost converter to turn on when
the control signal is not received before the time period TOFF_b reaches the maximum
threshold time TOFFmax and begin a time period TOFF_a, and controlling the first pair of
transistor switches to turn on when a second control signal is received before the time

period TOFF_a reaches a threshold time TOFF_trans_a.

BRIEF DESCRIPTION OF THE DRAWINGS
[BO08Y  For a detgiled description of various examples, reference will now be made to the
accompanying drawings in which:
[B008] Figure 1 shows g schemastic diagram of a voltage converter in accordance with
various ambodimants;
[BOO7T Figure 2 shows a signal diagram of a boost 1o buck transition of the voltage
convarter in accordance with varicus embodimenis;
[0008] Figure 3 shows a signal diagram of a buck {0 boost transition of the vollage
convarier in accordance with various embodimentds; and
IGOO8] Figwre 4 shows a Hlowchart of operation of the vollage converter in accordance

with various embodiments.

DETAILED DESCRIPTION
[0010] Disclosed are embodiments that provide for substantially smooth transitions
among buck, boost, and buck-boost operation modes of a voltage converter. To provide
for the substantially smooth transitions, the voltage converter operates in a quasi-constant
on-time valley current mode during boost operation mode, quasi-constant off-time peak
current mode during buck operation mode, and using a tri-phase switching control during

buck to boost, or boost to buck, transitions. The transitions are based, for example, at
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least in part on an amount of time that a given switch (e.g., a transistor implemented as a
switch) is open in a circuit of the voltage converter.

[0011] Figure 1 is & schematic diagram of a voliage converter 100 in accordancs with
various embodiments.  The vollage converier 100 5 implemented as a buck-boost
converter configured 1o produce an output voltags ihat is substantially less than, sgual o,
or greater than an input voltage.  In some embodimentds, the voltage converter 100 is
implemented as an integraled circull, e.g., sharing a silicon subsirais.  In other
embodiments, the vollage converter 100 may be implemented 33 ong or more separate
components that may be coupled togsther. The input vollage is received from a vollage
source 105, The voltage source is, in some embodiments, a baltery which may have a
variable voltage. For exampie, as the ballery discharges, the input vollage supplied by
the baitery may decreass. Conversely, as the batiery charges, the input voltage supplied
by the baltery may increase.  in some embodiments it may be desired that the oulput
voltage remain substaniially stable (e.g., such thal there is no, or minimal, vanation in g
vaiue of the output voltage).

[0012] o produce the ouipul voltage, the voltage converter 100 steps-down the vollage
received from the voliage source 105 when the voltage received from the voltage source
105 is greater than the oulput voltage and steps-up the voltags received from the voltage
source 105 when the voltage received from the voltage source 105 is less than the output
voliage. In this way, the voltage convertar operales as a buck converier when the vollage
received from the vollage source 108 is greater than the ouipul vollage and operates as a
boost converter when the voltage received from the voltage sowrce 105 is less than the
auiput voltage., When the vollage receivad from the voltage sourcs 105 i about equal to
ihe oulput vollage {e.¢., having a deviation from the output! voltage of less than about five
percant, less than about 10 percent, or less than aboul 209}, the vollage convertar 100
may operate a8 a buck-boost converter it which case the voliage converler 100
alisrnates one or more mes belween buck operation mode and buck operation mode.
The period of time during which he voltage convertgr 100 opsrates as the buck-boost
converisr alternating betwesn buck opsration mode and buck operation mode is referrsd

i, In some smibodiments, as ri-phasse switching operalion mods.
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[0013] The voliage converisr 100 comprises a buck-boost converier 110 and a buck-
boost controlier 115, The buck-boost converter 110 is coupled to the vollage source 105
and g load 107 and is configured {0 provide g subslantially siable {s.q., consistent and/or
minimally changing) outpul voitage o the load 107, The buck-bDoost controlier 115 is
couplted {0 the voltage source 105 and the buck-boost converter 110 and is configured (o
conirol whether the buck-bDoost convertsr 110 is performing in buck operabion mode,
boost operation mode, or ti-phase swilching opseration mods. The buck-boost coniroller
conirols the method of operation of the buck-boost converter 110, in some smbodimenis,
ased atf least in part on at least some of g value of the input voltage of the buck-boost
corverter 110, a vaiue of the cutpul voltage of the buck-boost converter 110, and/or an
amourtd of ms that 3 swilch of the buck-boos! converler 110 iz in 3 given stale {e.g.,
open and/or closed),

[0014] The buck-bogst converter 110 comprises p-lype metal oxide semiconducior
(PRMOS) transistors 112 and 114, n-type metal oxide semiconducitor (NMOS) transistors
116 and 118, inductor 120, and capaciior 122, Each of the PMOS transistor 112, PMOG
ransistor 114, NMOE transistor 116, and NMOD transistor 118 may comprise a gate
termingl, a drain termingl, and & source terminal. Any one of the PMOS transistor 112,
PMOS transistor 114, NMOS transistor 116, or NMOS fransistor 118 may be controlled
by any device or signal and may have s gale terminal coupled, directly or indirectly, o
ihe device, Any one of the PMOS transistor 112, PMOS transistor 114, NMOS ransisior
116, and/or NMOS transistor 118 said to be coupled belwsen two points may be
undersiood 10 have s drain lenminal coupled 1o a first of the two points and s source
terrningl coupled 10 a second of the two points,  Additionally, the PMOS transistor 112,
PRMOS transistor 114, NMOS transistor 116, and/or NMOS trangistor 118 may be any
suitable devices such as depletion mode transisiors, enhancement mode transistors, and
the like.

[0015] The PMOS transisior 112 is coupled betwesn the vollage source 105 and 3 node
124 and is controlisd by the buck-boost controller 115, The NMOS transisior 116 is
coupled between the nods 124 and a ground polential 109 and s controlisd by the buck-
boost controlier 115, The inductor 120 is coupled between the nods 124 and a node 126,
The NMOS transistor 118 is coupled betwsen the node 126 and the ground potential 109
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and is conirolled by the buck-boost conirolier 115, The PMOS ransistor 114 is coupled
between the node 126 and a node 128 and is controlied by the buck-boost controfier 115,
The capaciior 122 is coupled betweern the node 128 and the ground polential 108,

[0016] The buck-boost controlier 115 comprises a sense resisior 130, drivers 132 and
133, feedback resisiors 134 and 138, arror amplifier 138, compensation resistor 140,
compensation capaciior 142, current comparstor 144, boost ms gensrator 146, buck
iime generator 148, and mode conirolier 1580, The driver 132 i3 coupled 1o the PMOS
ransistor 112 and the NMOES transistor 116 and configured to control operation of the
PMOS transistor 112 and the NMOS transistor 116 {8.g., when the PMOS wansisior 112
or the NMOS transistor 116 function as closed swilches and when PMOS transistor 112
and the NMOS transistor 116 funclion a3 open swifches)., The driver 133 iz coupled fo
the PMOS ansistor 114 and the NMOS wansisior 118 and configured to conirpl
gperation of the PMOS ransistor 114 and the NMOS iransistor 118 {g.g., when the
PROS transistor 114 and the NMOS transistor 118 function as closed switches and when
PMOS transistor 114 and the NMOS transistor 118 function as open switches).
[0017] The feedback resistors 134 and 138 are coupled ogether in serigs o form &
voitage divider coupled between the nodes 128 (s.g., the oulput of the buck-boost
corwverter 110} and the ground potential 109, An ocutput of the voltage divider (2.g., taken
from a coupling between the fesdback resistor 134 and the feedback reaisior 138) is
coupled (o a negative input of the eror amplifier 138, A positive input of the amor
ampiifier 138 is coupled 1o a reference vollage., The reference vollage s, in some
ambodiments, about 1 voll, abowd 1.2 volis, or any other suitable vollage, a scope of
which is not limited hergin, The error ampiifier 138 s configurad o sublract a vollags
recaived at the negative inpul rom a vollage received at the positive input and output a
current having a value that is approvdmaled by a gain of the eror amplifier multiplied by
the difference in the positive and negative inpuls received by the error amplifier 138, The
compensation resistor 140 and the compensation capacior 142 togsther form 3
compensation network configured 1o filler the cuipt of the arror amplifier 138 prior o
receipt of the ouiput of the error amplifier 138 by the current comparator 144,

[0018] The output of the error amplifier 138 is provided to the current comparator 144 at

a positive input. The sense resistor 130 is coupled between the node 126 and a negative
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input of the current comparator 144. The sense resistor 130, in some embodiments, is
used by the buck-boost controller 115 to measure a current flowing out of the inductor
120. The current comparator 144 is configured to compare the inputs received on its
positive and negative inputs and output a signal based on a relationship between the
received inputs. For example, when the input received at the negative input of the current
comparator 144 equals the input received at the positive input of the current comparator
144, the current comparator 144 may output a first signal (e.g., a signal having a voltage
sufficiently high as to signify a logical “1”). When the input received at the negative input
of the current comparator 144 does not equal the input received at the positive input of
the current comparator 144, the current comparator 144 may output a second signal (e.g.,
a signal having a voltage sufficiently low as to signify a logical “0”). In other
embodiments, the output of the current comparator 144 may be any suitable value
determined according to a relationship between the inputs received on the positive and
negative inputs of the current comparator 144. The output of the current comparator 144
is coupled to the hoost time generalor 1486 and the buck time generator 148 and
configured to, at least partially, control operation of the buck-boost converier 110

[0019] The bioost time generator 1486 and the buck time generaior 148 are each coupled
o the voltage source 105, the node 128 (2.g., the outpul of the buck-boost converter
110}, and the ouiput of the current comparator 144, The boost ime generaior 148 and
e buck time generater 148 are sach configuwred o generate a signal based on a
relationship betwaen the inpul vollage of the buck-boost converer 105 and the output
viltage of the buck-boost converter 105, For example, as discussed in grealer detall
below, based on a relationship between the inpul vollage and the cuiput vollage the
boost time generator 146 generates a signal TON_b and transmits the signal io the mode
determining an amount of time that a switch in the buck-boost converter 110 should be
open while the buck-boost convertsr 110 operales in the boost operalion mode.
Similarky, based on g relationship belween the input vollage and the output voltags the
buck time generator 148 generales a signal TOFF 3 and transimils the signal (o the mods

controfler 150, The signal TOFF_g, in some embodimenis, is used, at leas! partially, in
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determining an amount of time that a switch in the buck-boost converter 110 should be
closed while the buck-boost converisy 110 operates in the buck operalion mods.

[0020] The mode cortroiler 150 is configured to receive the signals TON_b and
TOFF_a from the boost time generator 148 and the buck lims generalor 148,
respectively, and generale one or morsg for controlling the buck-boos! converter 1160, in
some gmbodiments, the signals gensrated by the mods controller 1530 may be puiss
width modulgtion (PWM) coded signals.  For example, the mode controller 150 may
generaie a PWM_buck signal for conirolling the buck-boost controller 110 during buck
operations and 3 PWM_boost signal for controliing the buck-boost controlier 110 duwring
boost operations. The drivers 132 and 133 are coupled (o the mode contrglfer 150 and
contigured 10 receive the PWM_buck and PWM_boost signals, respectively, The drivers
132 and 133 gre further configured 1o control 3 plurality of transisiors of the buck-boost
converter 110 according 1o the received PWR buck and PWHM_boost signals,
respactively.  For example, the driver 132 may be configured 1o control the PMOS
ransistor 112 and the NMOGS transistor 116 at least partiglly according to the PWM_buck
signatl and the driver 134 may be configured 1o conirgd the PMODS transistor 114 and the
MMOS ransistor 118 at least partially according o the PWM_boost signal.

80211 Figure 2 shows g signal diagram 200 of a boost to buck transition of the voltage
convarter in accordance with varicus embodiments. The signal diagram 200 Hustrates
operation of the vollage converler 100 in accordance with varicus embodiments, and thus
will be discussed with reference 10 componenis described above and Hlustrated in Figure
1. Buring boost operation mode, the voliage corwerter 100 operales according 1o a
principle of quasi-constant on-time {TON} valley curent mode controb and an off-lima
(TOFFY determined by a control loop. TON is calculated {e.g., by the boost time
generalor 146} according 10 a relationship between the input voltage (VINY and the output
voltage (VOUT) of the buck-boost converter 110, Based on the calculated TON, ong or
more switches of the buck-boost converier 110 is controlled 1o generate VYOUT., The
rumber of Hmes that the swilches are controiled 10 be opened or closed may be refgrred
0 as the switching frequency {fsw). When operaling in a conlinuous conduction mods

(COMY, the buck-boost converter 110 has a swilching frequency approximately squal 1o
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thal as shown by ihe following Equation 1 in which D is a duly cycie of the PWM coded

signal discussed above.

b (VOUT-VIN} , ,
Fow s e s MO (Eguation 1}
TON | VOUTSTON) '

[0022] Additionally, the switching frequency of the buck-boost converter 110 when
operating in the boost operation mode may be referred to as quasi-fixed when TON is
calculated according to the following Equation 2 in which K is a target cycle time in a
switching cycle of the voltage converter 100.

(VOUT-VIN}
vour

TON = K # (Eqguation 2}
(80231 During the hoost operation mode, when the inpui voltage is lower than the culput
voitage, a swilching cycle begins when the NMOS transistor 118 is turned on {8.¢., when
coniratled by the driver 133 1o tumn on). In addition, an oufput current of the inductor 120
FAITIDS up or increases for a TON_b timse, as determined by the boost time generator 146
Cnce TON_b expires, the NMOS transistor 118 is turned off and the PMOS transistor 114
is wimed on (2.g., beginning the TOFF_b time period). The culput current of the inducior
120 decreasses during the time TOFF_b. Onee the inductor 120 valley current reaches a
value set by the error amplifier 138 {e.g., an inducter 120 ouipul current sensed by the
sense resisior 130 is about equal 16 the culput of the errer amplifier 138), the curvent
comparaior 140 generates a controd signal that causes the boost time generalor 148 to
oparation mode, the PMOS fransistor 112 is permanently on and the NMOS transistor
116 is parmanently off.

[G024] When VIN increases to approach VOUT, the buck-boost converter 110 may
ransition from g pursly boost epsration mods 10 2 buck-boost operation mode. Whils In
the boost operation mode, the calculaled time TON b decreases az a valug of VIN
increases 1o appreach a value of YOUT, When the VIN is approximalsly equal to YOUT,
TON_b may be sel o a predeisrmined minimum value TON_b_min. Additionally, as the
vaiug of VIN increases 1o approach 3 value of VOUT, a vollage across the inductor 120
decreases, as well as a rate of change in the output current of the inductor 120 during the
tme pericd TOFF_b. Once VIN is approximalely equal 1o VOUT and TON_b is reduced
1o TON_b min, the buck-boost coniroller 115 increases TOFF_b (2.g., via the hoost ime
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generater 148) so that g valug of the inducior 120 output current al the beginning of
TON_b is approximately sgual 1o a value of the inductor 120 culpul current at the end of
TOFF b,

[G025] A tmer s implemented i at least oneg of the buck time gengrator 148, boost ime
gensrator 148, or the mode controller 150 1o monitor TOFF_b and compare it with a value
TOFFmax that defines a longest TOFF b allowsd In pursly boost opsration.  The
TOFFmax may be a predetermined value, H TORF b is longer than TOFFmax, a buck
operation mode off-time TOFF 3 is introduced 1o decrease the output current of the
inductor 120, The decrsasze, in some embodiments, may be a comparalively rapid
decrease when comparsed 1o 3 decrease during pursly boost operation mode. During the
TOFF_a phase, the PMOE fransisior 112 is tumed off and the NMOS transistor 116 is
wined on. Once the output current of the inductor 120 retums to the current level set by
the error ampiifier 138, a new cyale beging from TON b {s.g., as a result of a new signal
baing generated by the Doost Hime generator 146 in response o receiving a signal rom
the current comparator 144}, in this way, the buck-boost corverter 110 operates in the -
phase swilching operation mode by ransitioning from TON_b 1o TOFF_bto TOFF_a.
(030267 When VIN increases further with respect to VOUT, a slope of the output current
of the inductor 120 during the period TOFF_b becomes positive.  As a resull, an
increased duration of TOFF_a may elapse 1o ramp down the output current of the
inductor 120, To monitor the time TOFF_a, a second timer is implemanted in at [east one
of the buck lime generalor 148, boost lime generalor 148, or the mode controller 150, |
ri-phase swilching operation mode, TOFF _a exiends for a pericd defined by the buck
iime generalor 148, thereby causing the buck-boost converter 110 1o operaie in purely
buck operation mode and realizing 2 boos! o buck opearation mode ransition.

[0027] Figure 3 shows a signal diagram 300 of a buck to boost transition of the voltage
convartsy i aocordance with various embodiments. The signal diagram 300 Hustrates
operation of the voltags converler 100 In accordance with various embodimentis, and thus
will be discussed with reference {0 componenis described above and iiustrated in Figurs
1. During buck operalion mods, when the inpul voltags s greater than the output voltags,

the switching cycle begins when the PMOS transisior 112 is lumed on {e.g., when
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controlled by the driver 132 {o lurn on). In addition, the outpul current of the inductor 120
ramps up or ncreases for g TON_a time, 23 delerminsd by the buck time generalor 148
A switching frequency of the buck-boost converter 110 when operating in the buck
operation mode may be referred to as quasi-fixed when TOFF is calculated according to
the following Equation 3 in which K is a target cycle time in a switching cycle of the

voltage converter 100.

(VIN -V OUTY
* AR AR AR AR AR AR AR
VIN

TOFF = K {Equation 3}
[B028] Once the inductor 120 cutput current reaches a value set by the error amplifier
138 (8.9, an inductor 120 oulput curent sensed by the sense resistor 130 is about eousl

o the cutput of the ervor amplifier 138), the current comparaior 140 generates a controd

a new cycle beging and the above process repeats. During buck operalion mods, the
FROS fransistor 114 is permanently on and the NMOS transistor 118 is permanently off,
0281 When VIN decreases (o approach YOUT, the buck-boost converter 110 may
fransition from a purely buck operation mode 10 a8 buck-boost operation mode. While in
the boost operation mods, the caloulated time TOFF _a decreases as a valus of VIN
decreasss o appreach a value of VOUT, When the VIN is approsimalely equal to VOUT,
TOFF_a may be set to g predetermined minimum valus TOFF_a_min. Addilionally, as
the value of VIN decreases 1o approach a value of YOUT, a voltage across the inductor
120 decreasss, as well as a rals of changs in the ouipul current of the inducior 120
during the time period TON_a. Once VIN is approxdmately equal 1o VOUT and TOFF_ais
reduced (o TOFF_a_min, the buck-boost controfier 115 increasses TON_a {eg., via the
buck time gengrator 148) so that a value of the inductor 120 outpul current & the
beginning of TOFF_a is approximately egual 1o a value of the inductor 120 cutput current
atthe end of TON 3.

IGO30T A third timer is implemented in al least one of the buck time generator 148, boost
fime generator 148, or the mode controller 150 to monitor TON _a and compare it with a
valug TONmax that defines a longest TON_a sllowsd in purely buck operation. The

TOMNmax may be a predseiermined value,  If TON_a is longer than TONmax, a boost

10
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operalion mods on-time TON_b s introduced o increase the oulpul current of the
inductor 120, The incrgase, in some embodiments, may be a comparatively rapid
increass when compared 10 an increase during pursly buck opgration mods. During the
TON_b phase, the PMOS frangistor 114 is twmned off and the NMOS transisior 118 ig
kned on. Once the ouiput current of the inductor 120 returns 1o the current level ssl by
the error amplifisr 138, a new cycle begins from TOFF_a {8.¢., as a resull of a new signal
being generated by the buck time generator 148 in response o receiving a signal from
the current comparaior 144). in this way, the buck-boost converter 110 operates in the -
phase switching operation mode by transitioning from TOFF_ato TON_a 1o TON_b.
30317 When VIN decreases further with respect o VOUT, a siope of the oulput current
of the inductor 120 during the period TON a becomes negalive.  As a resull, an
increased duration of TON_b may elapse 1o ramp up the oulput current of the inductor
120. To monitor the Hme TON_D, a fourth timer iz implemenied in at least one of the buck
time generator 148, hoost time generator 146, or the mode controller 150, 1 TON b is
longer than a value TON_frans_b that defines the longest TON b allowed in tri-phase
switching operation mode, TON_b exiends for a period defined by the boost fime
generator 148, theraby causing the buck-boost converter 110 to operate in purely boost
operation mode and realizing a buck 1o boost operation made transition.

60321 Figure 4 is a flowchart of a method 400 of operation of the vollage converter in
accordance with various embodimenis. The method 400 is implemented, for example, by
the buck-boost contraller 115 of the vollage cornverter 100 1o control the buck-boost
converter 110, sach of Figurs 1. Al operation 405, the buck-boost controller 115 controls
the PMOS transistor 112 (ilusirated as MY in Figure 4} and the NMOS transisior 118
fllustrated as M3 in Figure 4) to tum on and contrels the PMOS transistor 114 (llustrated
as M2 in Figure 4) and the NMOS ransisior 118 {(Hiustrated as M4 in Figure 4} 1o turn off,
thereby baginning a time period TON_b. Al operation 410, the buck-boost coniroller 115

deisrmines wheihgr the limeg period TON_ b has expired (e, & countdown has

compisied and/or expired). When the ime period TON_b has not sxpired, the buck-boost
controller 115 remains at operation 410, When the time period TON_b has sxpired, the

buck-boost controlier 115 proceeds to opsration 415

11
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30331 At operation 415, the buck-boost controlier 115 controls the PMOS transisiors
112 and 114 10 twn on and the NMOS transistors 116 and 118 o lurm off. Al operation
420, the buck-boost controller 115 determines whether 2 controdl signal has been received
from the currsnt comparator 144 prior 1o a ime TOFFmax. When the controd signal hasg
been received prior 1o the time TOFFmax, the buck-hoost controlier 115 proceeds (o
operation 405, When the control signal has not besn received pricy 1o the bims
TOFFmax, the buck-boost controller 115 procesds o operation 425,

3034} At operation 425, the huck-boost conirolier 115 controls the PMOS fransistor 114
and the NMOS transistor 116 1o turm on and the PMOS fransistor 112 and the NMOS
ransistor 118 to fwm off. Al operation 430, the buck-hoost controller 115 determines
whether a conirol signal has been received from the current comparator 144 prior 1o a
tme TOFF trans_a. When the control signal has been recelved prior to the lime
TOFF frans_a, the buck-boost controlier 115 procesds to operation 405 When the
conirol signal has not been recelved prior 1o the time TOFF_brans_a, the buck-boost
controller 115 proceeds (o operation 435,

[GO35] Al operation 435, the buck-boost controlier 115 controls the PMOE transistor 114
and the NMOS transistor 116 1o furn on and conirols the PMOS fransistor 112 and the
NMOS ransistor 118 1o tum off, thereby beginning g time pericd TOFF_a. At operation
440, the buck-boost controfler 115 determines whether the time period TOFF 2 has

sxpired {2.9., a countdown has completed and/or espirad).  When the time period

445,

00381 At operation 445, the buck-boost controlier 115 controls the PMOS transisiors
112 and 114 1o wrn on and the NMOS transistors 118 and 118 to turn off. Al operation
450, the buck-boost controller 115 determines whether 2 controd signal has been received
from the current comparalor 144 prior to & time TONmax. When the conrol signal has
been received prior 1o the time TONmax, the buck-boost conirolier 115 procesds (o
opgration 435, When the control signal has nol been received prior 1o the time TONmax,

the buck-boost cortroiler 115 proceeds 10 operation 455,

12
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IG037] At operation 455, the buck-boost controlier 115 controls the PMOS transistor 112
and the NMOS transistor 118 10 tum on and the PMOS transisior 114 and the NMOS
ransistor 118 (o twrn off. Al operation 460, the buck-boost coniroller 115 delermines
whethier 3 control signal has besn received from the current comparator 144 prior 10 3
bme TON rans_ b, When the conlrol signal has been received prior 1o the time
TON _wrans_ b, the buck-boost cordroller 115 procesds o opsration 435, When the
control signal has not been received prior 1o the ime TON trans b, the huck-bogst
controller 115 procseds to operation 405,

G038 While the operations of the method 400 have been discussed and isbsled with
numerical refgrences, it should be noted thal the method 400 may include additional
gperations ihat are not recited herein, any one or more of the operations recited hergin
may include one or more sub-opergtions, any ong or more of the operations reciisd
harein may be omitled, and/or any one or moreg of the operations recited hersin may be
performed in oan order other than thal presented herein {e.g., In a reverse order,
substantially simultaneously, overlapping, efc.}, all of which is intended o fall within the
scope of the present disclosurg. For example, while the method 400 is described above
as bheginning al operadion 405 {e.g., corresponding (o 8 boost operation maode), the
method 400 may instead begin gt operstion 435 {e.g., coresponding 1o a buck
aperation).

60381 Certain terms are usad throughout the following description and claims 1o refer (o
particular system components.  As ong skilled in the art will appreciate, different
companies may reter {0 a component by different names. This document does not intend
i distinguish between componenis that differ in name but not function.  In the bllowing
discussion and in the claims, the terms including” and "comprising” are used in an opan-
gnded fashion, and thus should be inlerpreted (o mean “including, but not imited 6.0
Also, the term “couple” or “couples” is intended [0 mean sither an indirec! or direct wired
or wirgless conmection. Thus, if a first device couples 10 2 second device, thal connection
may be through a direct connaction or through an indirect corneclion via other indsrvening
devices and/or connections.  Unisss otherwise slaled, “aboul”, “approximatsly”, or

“substantially” preceding g valus means +/- 10 percent ¢of the stated value.

13
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[0040] The sbove discussion is meant o be dluslralive of the principles and various
embodiments of the present disclosure.  Numerous variations and modifications will
baecome apparant 10 those skilled in the art once the above disclosure is fully appreciated.
It is intended that the following claims be interpreted to embrace all such variations and

modifications.
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CLAIMS

What is claimed is:

1. An apparatus, comprising:

a voltage supply configured to provide an input voltage;

a buck-boost converter coupled to the voltage supply and comprising an inductor;
and

a buck-boost controller coupled to the voltage supply and the buck-boost converter
and comprising:
a mode controller coupled to the buck-boost converter; and
a comparator coupled to the mode controller and the buck-boost converter,

wherein the comparator is configured to compare an error signal based on an
output voltage of the buck-boost converter to an output current of the
inductor to produce a control signal, and

wherein the mode controller is configured to control the output voltage at least in

part according to the control signal.

2. The apparatus of claim 1, further comprising a boost time generator coupled
between the comparator and the mode controller, wherein the boost time generator is
configured to control a boost on time of the buck-boost converter at least in part according

to the control signal, the input voltage, and the output voltage to produce a time signal.

3. The apparatus of claim 1, further comprising a buck time generator coupled
between the comparator and the mode controller, wherein the buck time generator is
configured to control a buck off time of the buck-boost converter at least in part according
to the control signal, the input voltage, and the output voltage to produce a time signal.

4. The apparatus of claim 3, wherein the mode controller is configured to generate a

pulse width modulation signal according to the time signal to control an operational mode

of the buck-boost converter.

15



WO 2018/223348 PCT/CN2017/087618

5. The apparatus of claim 1, wherein the buck-boost controller is configured to:
control the buck-boost converter to operate in a buck operation mode when a
value of the input voltage is greater than the output voltage;
control the buck-boost converter to operate in a boost operation mode when the
value of the input voltage is less than the output voltage; and
control the buck-boost converter in a tri-phase switching operation mode when the
input voltage is about equal to the output voltage.

6. The apparatus of claim 5, wherein in the tri-phase operation mode, the buck-boost
controller is configured to control the buck-boost converter to:
operate in a first of the boost operation mode or the buck operation mode during a
first period of time;
operate in a second of the boost operation mode or the buck operation mode
during a second period of time;
operate in the first of the boost operation mode or the buck operation mode during
a third period of time when a duration of the second period of time does not
exceed a maximum time threshold; and
operate in the second of the boost operation mode or the buck operation mode
during a fourth period of time when the duration of the second period of time

exceeds the maximum time threshold.
7. The apparatus of claim 1, wherein the buck-boost controller further comprises an

error amplifier configured to produce the error signal at least in part according to the

output voltage and a reference voltage.
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8. A buck-boost controller, comprising:

a current comparator configured to compare an error signal to an inductor current
of a buck-boost converter;

a first time generator coupled to the current comparator and configured to generate
a first signal indicating a first time period at least partially based on an
output of the current comparator, wherein the first time period is a time
period for controlling the buck-boost converter to operate in a first operation
mode; and

a mode controller coupled to the first time generator and configured to generate a
first control signal to control at least a first portion of the buck-boost
converter at least partially according to the first signal indicating the first

time period.

9. The buck-boost controller of claim 8, further comprising an error amplifier
configured to produce the error signal at least partially according to an output voltage of

the buck-boost converter and a reference voltage received by the error amplifier.

10.  The buck-boost controller of claim 8, further comprising a first driver coupled to the
mode controller and configured to drive at least the first portion of the buck-boost

converter according to the first control signal.

11.  The buck-boost controller of claim 8, wherein the buck-boost controller is
configured to control a plurality of portions of the buck-boost converter, wherein
controlling the plurality of portions of the buck-boost converter controls the buck-boost
converter to operate in one of three operation modes to generate an output voltage of the
buck-boost converter from an input voltage received by the buck-boost converter, and
wherein the buck-boost controller controls the buck-boost converter to operate in one of
three operation modes at least according to an amount of time that a portion of the buck-

boost converter has been turned on.
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12.  The buck-boost controller of claim 11, wherein the buck-boost controller is
configured to control the buck-boost converter to operate in a buck operation mode when
the input voltage exceeds the output voltage, wherein the buck-boost controller is
configured to control the buck-boost converter to operate in a boost operation mode when
the input voltage is less than the output voltage, and wherein the buck-boost controller is
configured to control the buck-boost converter to operate in a tri-phase switching
operation mode when the input voltage is about equal to the output voltage.

13.  The buck-boost controller of claim 12, wherein in the tri-phase operation mode the,
the buck-boost controller is configured to control the buck-boost converter to:
operate in a first of the boost operation mode or the buck operation mode during a
first period of time;
operate in a second of the boost operation mode or the buck operation mode
during a second period of time;
operate in the first of the boost operation mode or the buck operation mode during
a third period of time when a duration of the second period of time does not
exceed a maximum time threshold; and
operate in the second of the boost operation mode or the buck operation mode
during a fourth period of time when the duration of the second period of time

exceeds the maximum time threshold.

14.  The buck-boost controller of claim 12, wherein in the tri-phase operation mode, the
buck-boost controller is configured to:
control the first portion of the buck-boost controller to be active to cause the buck-
boost controller to operate in the buck operation mode during the first time
period;
control a second portion of the buck-boost controller to be active to cause the
buck-boost controller to operate in the boost operation mode during a
second period of time;
control the first portion of the buck-boost controller to be active when a duration of

the second period of time does not exceed a maximum time threshold; and
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control a third portion of the buck-boost controller to be active during a fourth
period of time when the duration of the second period of time exceeds the

maximum time threshold.

15. A method, comprising:

controlling a first pair of transistor switches in a buck-boost converter comprising
four transistor switches to turn on and begin a time period TON_b;

controlling a second pair of transistor switches in the buck-boost converter to turn
on when the time period TON_b expires and begin a time period TOFF_b;

controlling the first pair of transistor switches to turn on when a control signal is
received before the time period TOFF_b reaches a maximum threshold
time TOFFmax;

controlling a third pair of transistor switches in the buck-boost converter to turn on
when the control signal is not received before the time period TOFF_b
reaches the maximum threshold time TOFFmax and begin a time period
TOFF_a; and

controlling the first pair of transistor switches to turn on when a second control
signal is received before the time period TOFF_a reaches a threshold time
TOFF_trans_a.

16.  The method of claim 15, further comprising:

controlling the third pair of transistor switches to remain on when the second
control signal is not received before the time period TOFF_a reaches the
threshold time TOFF _trans_a;

controlling the second pair of transistor switches in the buck-boost converter to
turn on when the time period TOFF_a expires;

controlling the third pair of transistor switches to turn on when a third control signal
is received before a time period TON_a reaches a maximum threshold time
TONmax;
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controlling the first pair of transistor switches to turn on when the control signal is
not received before the time period TON_a reaches the maximum threshold
time TONmax and begin the time period TON_b; and

controlling the third pair of transistor switches to turn on when a fourth control
signal is received before the time period TON_b reaches a threshold time
TON_trans_b.

17.  The method of claim 16, further comprising controlling the first pair of transistor
switches to remain on when the fourth control signal is not received before the time period
TON_b reaches the threshold time TON_trans_b.

18.  The method of claim 16, wherein ihe method comprises fransitioning among a

buck operation mode, a boost opergtion mode, and a tri-phase swilching operation mods.

19.  The method of claim 18, wherein transitioning among the buck operation mods,
e boost operation mode, and the tri-phase swilching operation mode is determined at
least in part by an amount of time that a pair of the iransistor swilches of the buck-boost

converter have been tumed on.
20. The method of claim 19, wherein the tri-phase switching operation mode begins

with a first of the buck operation mode or the boost operation mode and ends with a

second of the buck operation mode or the boost operation mode.
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