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Abstract -This paper presents a new topology based on a
Positive Buck-Boost converter with multi output (MOPBB).

A single output positive Buck-Boost converter consts of a
Buck and Boost converters in cascade which can be
controlled against input voltage fluctuation and lad
changes. In this paper, the steady state and dynami
analyses of the proposed topology are presented atpwith
simulation results. A control algorithm is presente to
control output voltages against input voltage fluatation and
step change in load with a purely logic control syem that is
based on hysteresis current and voltage control. Thi
topology is suitable for a high power multilevel coverter
with diode-clamped topology where a series of capiars
are required to generate different voltage levels ra
capacitors voltage control is an important issue inthis

topology.

Keywords—Multi-output, DC-DC converter, Disturbance
robustness,

I. INTRODUCTION

To clarify the advantages of proposed topology i
comparison with other multi-output topologies, $ng
output Positive Buck Boost converter (PBB) circigt
shown in (Fig. 1) [1, 2, 3].

PBB has the advantage of an extra freedom degree i
comparison with basic DC-DC converters of Buck Boos

and Inverting Buck Boost (IBB) [1]. This extra fsgm
degree can be applied to decouple the inductorerurr
and capacitor voltage.
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In other words, unlike basic DC-DC converters th
inductor current such as PBB is not restricted blyage
conversion ratio and load current.
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Fig. 1: Positive Buck-Boost Converter

The relationship between a load curren) @nd an
inductor current (J) in basic DC-DC converters and PBB
are given in flowing equations.
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In this way the inductor in the PBB can be usedras
energy storage device as well as energy delivetglew
the amount of stored energy is independent frontethel
of delivered energy bR goosi(4).

The stored energy is utilized to increase stabditthe
converter and achieve robustness against inpuagmlt
Muctuation and load change.

But an extra current increase switching loss.
Calculation to determine how much extra switchiogsl
rises for any situation has been done in [1].

In this paper the Multi-Output Positive Buck Boost
(MOPBB) converter is presented.

Here a multi output topology based on PBB is
presented. The applications of DC-DC multi output
topologies are cited in [4-7].

The main application is in diode clamp multi level
inverters. [8] Has developed a multi output Boost
converter for diode clamp application. The conveliere
can be applied for same application of invertetwitte
advantage of more stability, step down conversind a
disturbance rejection of PBB.

The sections of this paper cover the new topoltiog,
disturbance rejection theorization, switching frency
increase, the control method of the new topology a

e . .
simulation results



Il. THE NEW MULTI-OUTPUT TOPOLOGY

A Multi Output Positive Buck Boost (MOPBB)
converter is shown in Fig.2 where several outpltages
are provided by putting capacitors in series. \g@t of
the capacitors are controlled by the inductor airend
correct switching states to share the energy storede
inductor with each capacitor. References [4-7] aveut
some multi output topologies and their control tetgées.
The main purpose is to supply a multi level inverte

The above mentioned percentage of disturbance which
can be dealt by the MOPBB converter without dynamic
in output voltage is called disturbance margin s t
paper. Disturbance margin depends on the extramurr
stored in inductor. The inductor current is soldigtated
by load in Buck, Boost, and Inverting Buck Boostl dhe
inductor acts only as a deliverer of energy.

Table | shows all switching states and charging and
discharging states of the capacitors voltages & t
inductor current. There is a switching state (0OMjch
does not exist in the basic DC-DC converters Famd it

Dﬁ 1 has a significant effect on the system performasme
e < dynamic response. Using this switching state arobet
: can keep the inductor current above the demand éewk
S [ provide a current source in the buck converter tvitian
‘I’j " charge and discharge the capacitors through thietsve
' in the boost converter.
S7 CZJ: R2§v2
. Table I: All possible switching states with chag@nd discharging states
SR“ rw\f'\l
i S SBuck SJ Sl Vcl Vc2 IL
1
i ¢ = REE 1 0 0 0 Charge Charge Discharge
x DRH Sn 9
0 0 1 Charge Discharge Discharge
Figure 2 Multi-Output Positive Buck Boost ConvertRftOPBB) 0 1 0 Discharge Discharge | No change
In a two output PBB converter, there are eight ! 0] 0 Charge Charge Discharge
switching states but only 6 switching states arssjibe 1 0 1 Charge Discharge Discharge
as shown in Fig.3. In this topology, wh&sis turned on 1 1 0 Discharge Discharge Charge

S, cannot be turned on as the configuration will be t

same wherg, is turned off. Thus the switching states of

(011) and (111) are not allowed in this topology aine
converter has six possible switching states as show
Fig.3.

The advantage of this converter, which is achigwed
input voltage switching, is that it can handle acpatage
of step change in input voltage and in output aurr&his
capability is identical to Positive Buck-Boost base
converters when it comes to decrease in input geltnd
increase in output load.
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Because of 0XX switching states controller can @voi
instability of inductor current easily. And becaudfethe
switching state of 010 the controller can keep sertea
current in the inductor and utilize it to achiewbdustness
against input voltage fluctuation and load changes.

The switching configurations and states fooutput
MOPBB can be developed same as Fig. 3 and Fighd. T
number of switching states for anoutput MOPBB is
2(n+1). We calculate equations for aroutput MOPBB.
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Figure 3: Possible switching configurations forl2put positive buck-Boost converter
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Figure 4: switching configurations and switchingvibeen them.

[ll. STEADY STATE AND DYNAMIC EQUATIONS

To simplify equations we use duty cycle of eachicwi
instead of time intervals of each state. The reasdhat
low frequency response can be totally explainediloy
cycles.Dg, is the duty cycle of the Buck switcB, and
D, are the duty cycle of the switch8sandS,;. D, is the
duty cycle of the output diode.

Duty cycles should satisfy:
0<D, Dj =1

; )

0<D, <1

Using averaging technique, we can find state eguati
for dynamic analysis such as the inductor curremt a

capacitors voltages in terms of the system varg@able
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Extracting transfer functions from these equations:
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Finally, steady state equations for two output ester
will be:

DBuRki D]
Vk = = 2 Vm (11)
£le(zo]
I, = By v,
; (12)

According to the equations (11) and (12) we cad fin
the effect of the switching state of (010) in dymam
response. We can chose different values for dutledn
the buck converterDg, to have different currents in
inductor. Let us assume that we have the seri€s ahd
a Dg, for a particular series of output voltages. By
multiplying D;s andDg, by a factor ok we can change
the inductor current by a factor @fk while the output
voltages are unchanged. Thus, we have same output
voltages for different current in inductor (13).
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IV. MINIMUM INDUCTOR CURRENT

There is a minimum inductor current for any case of
input voltage, output voltages, and load curretithas
been shown that the controller can store some extra
current in the inductor. To know how much currest i
stored in the inductor we need to know the minimum
inductor current for each case.

The limitation of this topology is on the load camt:

>l..>..>1

Rl = "R2 = ***= "Rn (14)
In step down case:
n | )
Vin 2 z Vj xﬂ = Imin =1 R1 (15)
=1 |R1

In step up case:

n | n |
B R I » PR ML
1= R1

j=1 RL

The extra current stored in the inductor improves t
robustness and stability of MOPBB converter against
fluctuations in input voltage and load change.

On the other hand MOPBB suffers more switching
frequency and switching loss as the current staretie
inductor increases.

In next section we develop the relationship between
extra current stored in the inductor and the adgmtof
robustness (Disturbance rejection) and the disaedgan
of extra switching loss. This calculation guides tiser
of this converter to choose how much extra curient
required to be stored in the inductor accordingetuired
robustness and acceptable level of switching loss.



V. DISTURBANCE REJECTION
The extra current stored in the inductor lets MORBB

M _{l Rj}:°° (22

have a margin of input voltage fluctuation and load

change without “low frequency” (lower than switc@in
frequency) effect on output voltage. In other wotkis
extra current lets the MOPBB to block these disindes
from output voltage as far as they are inside thevae
mentioned margin.

The ratio of actual inductor current in any caseh®
minimum inductor currentyj is important because it
shows the level of robustness of this converterinsga
input voltage fluctuations and load changes as wasll
level of extra switching loss arising as a conseqaeof
extra current storage. Here we define the disturban
rejection margin as a function pf

y:|L/|min (17)

To calculate disturbance rejection margin regardang
input voltage disturbance we need to look at the
relationship between g2 andy looking at (13) and (15-
16) we have:

2oz

D

(18)

V=

Bu

The margin for input voltage rise is infinite besauhe
controller can reduc®g, immediately without showing
any dynamic at output. This way there is no linat f
voltage rise disturbance rejection. When the caseput
voltage drop the controller increases tbg, to let the
converter has same average of voltage after Budictsw
The margin in this case dependsyq20).

MV, }=e (19)
M~ =1-D,, =1- = i (20)
y
The load disturbance rejection margin can be

calculated according to equation (15, 16, and 18)an
rewrite equation (13) as:

o)
bt

Load change means the changddnif y can change
within one switching cycle sufficient to keép o,, and

(21)

I L

a, constant the output will not experience any dymami
than switching frequency.

with frequencies lower
Because of stability of MOPBB the case of load dtap
be handled by reducing the current conducting &al loy
increasing the duty cycle of boost switch. So th

disturbance rejection margin in case of load drep i

infinite.

To calculate this margin for load rise we consithext
load current increase by step change to full thegmaof
load change. To compensate this disturbandeps to 1.

(Zn:ajlm] (;a, (L+ M*{le})le)
)

(23)

: (l+ M +{| Rl})l R1
If we assume that same margin for all loads isirequ

M+{|Rj}:y_1

Of course if the loads have different sensitivibe t
controller can devote the stored current to the emor
%ensitive loads or share it asymmetrically whichange
having wider load change margin for more sensitive
loads.

Fig. 5 shows the graph or the relation ship between
extra current stored in the inductor and robustness
margins.
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Figure 5 disturbance rejection margins as a funabioy

VI. SWITCHING FREQUENCY

The main disadvantage of extra current stored @& th
inductor is the increased switching frequency arsd. To
have an efficient design for any particular applaa the
calculation of switching loss is important.

According to equations (11) and (12)

n

ZDJ':

i=k

IRk/I L (25)

Looking at the switching configuration at Fig.\3,and
V; have their rise on the times periods 4T, and

e(D1+D2).TswrespectiverFor n output MOPBB we have:

C. AV, TstoostZ Dj( Io=Ta) (26)



According to (26) the ripples of Vk's are dependent
So switching cycle of the Boost switch can be dalead

as (27).
Tstoost = mln{CkA\/le}
I Rk( I L I Rk)

To have the switching cycle as a function yofve
apply equation (21):

k=1...n

(27)

StepDown: T, po0e= min{ckﬁvkylm}
IV e = 1)
C AV, y[ al R,) (28)
Stepup: Tstoost: ml =

g

Inductor current(l.) is defined by (21). To calculate
the Buck switching frequency, the average of pesiti
voltage exposed to the inductor end connectinghto t
Boost switch is:

&0

So the rise time and fall time of the inductor eutr
will be:

n

VavgBoost = z

k=1

(29)

- I:I_AI b=- [Vk Dj ] = T N LAInL (30)
fall k=1 j=k
V.> D
LAIL :\/in _Z(VkZDJj: Trise - LA'L
Trise k=1 j=k

k=1

The switching frequency of Buck switch will be:
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Fig 6 shows the switching frequency of Buck and
Boost switches as function gffor cases of step up and
step down.
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Figure 6 the relationship between switching frequyest Buck
switch (purple) and Boost switches (blue) as ationaofy: a)
step up b) step dov  (Iri=Ir2)

As is shown in Fig. 6a the frequency of buck switch
0 wheny is 1. This means that in step up case if the
inductor current be equal to its minimum value the
converter is working as a multi output Boost cotmer
(eliminating Sz, in Fig. 2). In Fig. 6b the switching

For step up and step down case the equation of Bugkequency of Boost switch is 0 whenis 1. This means

switch frequency will be:

stepDown T p0 = LAl Rln
(@) o210
k=1 k=1
n (32)
LA y> aly
Stepup Tstuck: =

n n

i —z(auw)]

k=1

(aklRo[y a
j=1

k=1

that in step down case the converter is working asulti
output Buck (eliminatingS, in Fig. 2) converter when
there is no extra current stored in the inductor.
Comparing the Fig. 6a and Fig. 6b, the main switghi
frequency increase is happening for Boost switches.
Particularly, for step up case the switching fratpyeof
the Buck switch is negligible in comparison to the
switching frequency of Boost switches.



VII. CONTROL STRATEGY AND SIMULATION RESULT of extra current is between 25% and 40% (1y28<4) to

In this paper the method of Hysteresis control folk€€P oOutput voltages constant in spite of dramatic
inductor current and output capacitor voltage aréNangesinload and inputvoltage.
explained. ) Inductor current
Because PBB based topologies can decouple inductor ™ ! ! ! ! ! ! !
current and capacitor voltage by storing some extra ‘ ‘ ‘ : §
current in the capacitor, the control system wivé ; / ‘
%Minim:um\
Inductor current

ik Inductor curreént

enough freedom to use hysteresis control both for
inductor current and capacitor at the same time. ¥
However to have desirable performance the capacitor 1 1 1 1 1 1
voltage hysteresis controller needs to consider the ¢ : : ’ ’ ’ :
inductor as a current source with acceptable fatotas, Input voltage
so the current loop controller should be fastemnttize
voltage control loop. i : : : :
The main challenge of this controller is to knove th ! ! ! ! \ ! ! ! !
appropriate inductor current. The controller needs M § : : Vo : : S
detect the minimum required current to be able @éepk S SO SO ) G 3 3 L
the reference voltage at output. On the other hand ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ 3 3 3
controller should decide about the level of extuarent 0 : : ’
needed to be stored in the inductor to achieve siiess Output voltage V.
and stability required by application. In this pajke o ! ! ! ! ! !
ratio of actual inductor current to minimum reqdire
current is called.

20

Equation 14 suggests to measure Vi, Dg, and e e
estimate load current and extra current storagéh@n e § § § § § § § § § ]

current stored in the inductor to achieve robustnes ¢ ‘ o t‘ tC‘ " ‘fC . c :
against disturbances (Eg. 16 and 20) but not tochmu utput Current of C: (luCy)
current should be stored because the switchingiéecy B ! ! ! ! ! ! ! ! !
and loss will be increased (Eq 24 and 27). By 3 i+Ry=10,-10]|140,-10-|{20 3 P
Fig. 7 shows the control strategy for a two output s} ST I S Rz=10 B S SO
MOPBB. The duty cycle of Buck switch is used to ‘ ‘
control the level of extra current stored in théuaotor.

- ‘ ‘ O%ltput v‘oltage[ Vs
Current <1 : : : : : :
y - Reference : : : : : :
—»| Hysteresis |4 < i y . d ; : .
Control Cuent | ! m . . . . . .
150+ : : : : : : : : : .
| riony S S IS S SRR
Conditioning N ~
o S =
] I I I I I I I
Output Current of C ; (iouiCy)
A ML l g T T T T T T
i U . . . . . . .
n ' P
T x | OR \ . " i
0 [ I I I I [ [ [ I
) 02 24 2% 28 1 12 1¢ ‘6 ‘£ ]
Voltage time
Reference H i <
Voltages Eontrol Tirme offgat 0
Figure 8 simulation results of the hysteresis argystem for MOPBB
Figure 7 hysteresis control system of MOPBB when input voltage and;Rhange

The inductor current and both output voltages are
controlled by hysteresis method. Fig. 8 shows some Fig. 9 shows the same parameters in Fig 8 whert inpu
simulation results of this control system. The aifithis ~ Voltage and Rchange. In both cases all the changes have
simulation is to show the robustness of this togplo been in side the disturbance rejection margins.tio
against disturbances in input voltage and load. [ekel ~ output voltages do not endure low frequency dynamic
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VIII.

A multi output DC-DC converter based on positive
Buck Boost converter is introduce.

Positive Buck Boost converter also known as
noninverting Buck Boost converter has the advantzge

CONCLUSION

of extra current in the inductor to achieve robast
against input and output disturbances. The calounlab
show the degree of robustness as the advantageraf e
current stored in the inductor has been developée.
increase in switching frequency as a disadvantaige o
storing extra current in the inductor is theorizadd
formulated. A control strategy has been developed a
simulated at last.

The designer of the implementation of this topology
and its control strategy should consider the regnénts
of a particular application, level of input and ldoa
disturbances, and allowed switching frequency and
switching loss in that application to decide howcimu
extra current should be stored in the inductor GIRBB.
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