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Abstract

Multi-output boost (MOB) converter is a novel DC-@nverter unlike the regular boost converter,
has the ability to share its total output voltagd o have different series output voltage froniveg
duty cycle for low and high power applications.this paper, discrete voltage control with inner
hysteresis current control loop has been proposddee¢p the simplicity of the control law for the
double-output MOB converter, which can be impleradrity a combination of analogue and logical
ICs or simple microcontroller to constrain the autpoltages of MOB converter at their reference
voltages against variation in load or input voltagee salient features of the proposed controteggsa
are simplicity of implementation and ease to extémdmultiple outputs in the MOB converter.
Simulation and experimental results are presemtatidw the validity of control strategy.

I ntroduction

The multi-output DC-DC converter is an efficientdaaconomical device which uses instead of several
separate single output converters to build multpatipower supply [1]. The MOB converter with N
series output voltages is shown in Fig.1.
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Fig.1: Configuration of new DC-DC M(SB converter kviN-output

The steady state and dynamic analysis of this atewéor double-output are addressed in [2]. This
converter has been developed based on a boostramsteucture with extra sharing switches which
lead to sharing output voltage. This type of coterecan benefit systems using multiple series power
regulator such as transformerless grid connecteeWrable energy systems based on diode-clamped
converters where capacitor voltage balancing isuaia problem. As the main structure of MOB is
similar to boost converter topology, it suffersrr@ight half-plan zero (RHPZ) and its relationstap

the amount of load regarding its input to outpahsfer function continuous-conduction mode (CCM)



which leads to instability and some limitations.cAmmon solution to reduce the effect of this
problem in converters with RHPZ is to employ therent-mode control [3,4].Several current-mode
control strategies have been conducted to incrdaselynamic response and application in a wide
range of operations of RHPZ converter systems [4ital current controller implemented in DC-
DC converters in [8,9] to have a simple controlizadéion which combine the advantages of digital
and current mode. In this paper, a current corgir@tegy combined with voltage control has been
utilized to keep the simplicity of the system asah be extended from a double-output converter to
multi-output converter without a significant charigehe control circuit. This control strategy niag
implemented with a combination of analogue anddalgiCs, or a simple microcontroller to keep the
output voltages of the MOB converter at desiredagis against variation in load or input voltage.
Simulation and experimental results have been ptedego show the validity of the control strategy
and operation of proposed configuration.

Configuration and limitation

A circuit diagram of the double-output boost comeeis shown in Fig.2 (a). This circuit consistsaof
boost switchs, sharing switcheS,, two diodes D;toD,), an inductor L, and two capacitofs; to C,)
with different loadsR; to Ry).
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Fig.2: Configuration of double-output boost coneerfa) schematic; (b)-(d) equivalent circuit in
different switching intervals for double-output

In the subinterval zerdy is turned “on” and the inductor can be charged H®y ¢urrent flowing
through it. In the next two subinterva,remains “off” and thes, is switched to charge capacitors at
the desired value. Whe is “off”, the diode D,) directs the inductor current to charge@llandC,

to generaté/; to V,, respectivelyD, is used to block the negative voltage and prowete quadrant
operation ofS;. In a double-output converter, there are threaiptesswitching states & can not be
turned “on” whileS, is “on”. The operation of the circuit in three d@ifént switching states has been
summarised in Table I. The equivalent circuits lbbwitching states have been demonstrated in Fig.2
(b) to 2(d).

Tablel: Switching states of double-output boost convert
Switching states S S C: C,
10 on off Discharge Discharge
00 off off Charge Charge
01 off on Charge Discharge

To analyse the steady state performance of the M@Berter, the time intervals for each switching
are considered asgl T, and 1. Then, switching period can be expressed as follows:
Ti0+Too +Tor =T (1)



the operation of the MOB converter in three différswitching states in continuous conduction mode
(CCM) steady state equation as follows [1];

Ve = n(Dg)Vin

1= '\ 2 /2
n(Dg)“ +(Dg +Dy)

v, = (Po*+D1)Vin @)
n(Dy)2 +(Dg +Dy)'?

| = Vin
R1(Dy)? +Ry(Dg +Dy)'?

(Too)

Too + T
where, (Dg + Dy)’ = and Dj = (Too +Toa)

. Since the output voltage in Eq.2 is related toldiael

ratio, Table Il shows some limitations to achieetse voltages that should be considered dueeto th
fundamental nature of the circuit. th%wq, restriction happens when<V,where n must
0
be less than one.
Tablell: Naturelimitation of load ratio in different output voltage

Vi=V, n=Po+Dy)
Do

V>V, N> (Dg +Dy)'
Do

Vi<V, < (Do +Dy)'
Do

Based on averaging method in each switching a dimanodel and transfer function for the proposed
circuit are:

L o o7[i 0 (Do) ~ (Do *+D1)" |
S| 0 Cl 0 Vi | = (D’0) _Ri 0 vy |t
0 0 CZ Vo ! 1 Vo

1
0

(Do +Dy)" O -
According to Eq.3, changind(+D,)’ andD’, with different ratio in a close loop control systean
keep the output voltages constant while the induziorent value has been modified. Developing this
concept will lead to a current control strategyoioperation with voltage control to achieve desired

output voltage sluggishness of dynamic responsgafdeng steady state statements and dynamic
model, proposed MOB converter acts as a boost ctamtepology with series multi-output voltages.

Control strategy and switching scheme

In this paper simplicity of control strategy andsteffectiveness of implementation have been
considered as the structure blocks applied indbigrol strategy may be realized by logical elerment
or simple micro controller. In order to have thegmial of combining advantages of logic contratlan
current mode control in a relatively simple con&plrealisation for the MOB converter, a cross
voltage control 1) with an internal hysteresis current control Id@s been performed combined with
a mid point voltage\(;) control. Fig.3 illustrates the block diagram loé¢ tcontrol method for a double-
output boost converter. As shown, the solid loop iross voltage control with a hysteresis current
control loop for the inductor current, in which tbess output of the MOB converter is controlled by
switching the boost switcltg(). The dashed loop is a mid point voltage contrioére a sharing switch
(S) is forced to balance the capacitors’ voltage.
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Fig.3: Block diagram of the proposed control system

Total voltage control with hysteresis current control loop

This control loop consists of two cascaded contops. The outer loop is a voltage control mode
through which the reference current is modifiedoaging to voltage error to force this error to zero
The inner loop is the hysteresis current controictviis the main loop that runs to forcibly congtrai
the inductor current between the hysteresis baruisd the defined reference current.

Current reference generator block
Since the both output voltage and inductor curiest controlled by the boost switchg)Sso that
overshoot (undershoot) occurs when the load isedsed (increased) due to inappropriate inductor
current. To find the correct current reference agfaany disturbance in load or input voltage, the
reference current generator applies based on thed tf total output voltage error. The reference
current is modified discontinuously in discretedino predict the desired inductor reference curent
force the voltage error to zero. The signal to tpdhe reference current is generated from the PLD
block. The reference current will be decreasedr¢im®ed) whenever the error is more (less) than a
dead band. Subsection “1” in Fig.4 shows the flaavthf this control section. There is a ga) for
closed loop control to change the step changeeofdference current. Therefore, dynamic response is
a function of current step change which is defibgdhree following criteria:

» Output voltage error,

e Gain of the close loop system

» Discrete time for current modification
As the voltage error depends on disturbance in tmadput voltage, close loop gain and discreteetim
are the control parameters. The gain should beased when the error is high and decreased when
the error is low to improve the dynamic response.tli® other hand, current step change to improve
dynamic response can be applied based on disimsteiristead of changing close loop gain. Thus,
discrete time should be small (big) when the vatagor is high (low). Therefore, current step d®n
can be adapted according to the voltage error ieae a good dynamic response. Controlling the
dynamic response by discrete time is chosen inpdgier as it is easy to implement by logical desice
To do so, discrete time can be defined based orbeuwf distinct hysteresis pulses generates from
hysteresis control block. .Current generator blcak be implemented by a sample and hold IC which
can keep the current reference as an analogue sigdanodify it based on the error signal. Also, a
microcontroller can generate a reference curreruraing to the error.

Current hysteresis block

This block changes its output signal based on campahe actual inductor current and its reference
to track the reference current. Therefore, oncerttlactor current error hits the upper (lower) band
the output signals change to zero (one). In thiamag the inductor current is controlled in defined



hysteresis band. The output of the hysteresis bdggiies to a Programmable Logic Device (PLD)
block and the boost switch. Since thes) is controlled by the hysteresis current contiod, tontrol
law is defined as Eq.4.

{if | 21, +B then Sy =0

i _ _ (4)
if | <l —B then Sp =1

where, |, ler, B are the inductor actual current, inductor refiee current, and hysteresis band height
respectively. The control scheme of the hysteresigsent control is depicted in subsection “2” in
Fig.4. This block can be implemented by a logicidewr a simple program in a microcontroller.

Mid point voltage control

Due to the nature of the proposed converter in &apthere is no chance to tug and S, “on”
simultaneously. To balance the mid point of cajpasjtonly two switching states are utilisable (00
and 01). Although there is no chance to chargeCtivegardless o€, the reference current generator
can modify the total voltagev{=V;+V,) in this case. In the dead band voltage controtigl the
amount of mid point voltage/() error is compared with the defined voltage deaddxassumed 1%
of reference) , if the voltage is higher than tpeer (lower) dead band output signal of block cfesn
to one (zero). The output signal applies to the Bldzk. The control scheme flowchart of the mid
point voltage control is shown in subsection “3"Rig.4. Subsection “3” is the only control section
that has to be added to force the sharing switthasconverter with more than two output voltage by
measuring the related mid point voltages.

Programmable logic device (PLD)

This block involves two tasks. The first is desidnie count the hysteresis pulses and enable signal
current reference generator block after a definedenesis pulses frequently. By doing so, the ciirre
reference does not change faster than the indwetoent dynamics. Furthermore, the inductor
reference current can change within a different lbemof hysteresis pulses to control the dynamic
response.

The second task is to apply a proper switchingedtatS, to balance the mid point voltage. To do so,
the best switching state is chosen from Tabledlimake an optimum balance between the actual
output voltages and their references, during tkehdirging period of the inductog€off ) in each
switching cycle. Therefore, the duty cycle&f(D,) is defined to balance the mid point voltage. By
receiving the digital signals from hysteresis and point voltage control block, proper signals foe
current generator block arij are generated by the PLD block, so that it camieémented with a
logic device or programmed in a microcontroller.

Tablelll: Switching states based on V; position

Position ofV; Switching state 0§, Switching state 0§,
V; is below the reference voltage S=0 S,=on
V, is above the reference voltage S=0 S,=off

Switching pattern and flowchart of control strategy

The entire flowchart of the proposed control sggtkas been depicted in Fig.4. As illustrated, pkce
for changing the inductor reference current thattwaimplemented with an analogue sample and hold
IC, the other parts of the control are based ortlsignals. Also, control circuit can easily be kb

for multiple outputs by measuring the mid pointtagkes and controlling the relevant sharing switch o
that point with the mid point voltage control. Th&itching pattern o, andS, based on hysteresis
block pulses and mid point voltage control has bdemonstrated in Fig.5. In the hysteresis current
control, the hysteresis band of the current reguligt adjusted to control the switching frequerigy.
assuming the hysteresis band height as 2B, thehingt frequency can be calculated as follows:

— DOT Vin _Vin DO

- fow=or (5)

In EQ.5, switching frequency is defined based on hysterbaisd height, rate of inductor, input
voltage, and duty cycle. Therefore, by considethegconstant hysteresis band and circuit parameter,

the switching frequency is constant whenever thie od loads ¢ = %) is constant.

2B



Subsection 1
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Fig.4: Flowchart of Control strategy for doubleqowt MOB converter
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Fig.5: Switching pattern d andS, based on control strategy

Simulation results

To show the performance of the proposed convendetuthe presented control strategy, simulations
in different conditions with load variation have epe performed. In all simulation=1mH,
C,=C,=0.1mF, V;,=10V, and the total output voltage+} has been boosted to\0T o0 show the ability

of the system to control the mid point voltayg) (o the different value, it has been set for 20Mal

is twice the input voltage. As discussed, the tiarenodification of current reference and closeaplo
gain are the parameters in the control strategychvioban affect the dynamic response. A controller
function to generate a proper reference currennaga load variation is simulated in Fig. 6(a),emh
the voltage is dropped due to an increment in loadent. As it is exposed, the inductor reference
current modification is proportional to the voltageor and it occurs after defined enable time. To
show the dynamic response behaviour associated distinct time for current modification, three
different modification times, one, five, and tersteresis cycles have been examined with the same
load disturbance and constant closed loop gain@40. Fig.6 (b) to 6 (d) illustrate the dynamic
performance of the control scheme against variahidead. As shown, there is instability in control
system when the current modification occurs too fimseach hysteresis cycle (Fig.6 (b)). When the
current changes too fast, it can increase the dynaaponse but due to the fast change, the inducto
current reaches to zero and control became inst@olehe other hand, when discrete time is five or
ten hysteresis cycles the reference current has bpdated based on voltage error to achieve the
desired output voltages in Fig.6 (c) and (d). lasieg the enable time helps to increase the dtabfli



the control strategy, however, it reduces the nesp®f the system. According to simulation results
for step time change with five and ten hysteregdes, modification with five hysteresis cycle stsow

a faster response and lower overshoot and unddrshocomparison with ten hysteresis cycles
modification.
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Hardwareresults

To verify the proposed MOB converter with the cohtstrategy, a prototype of a double-output
converter has been developed and controlled. Tét@ntaneous values of the inductor current and
output voltages are used to compare the threstalices given by the hysteresis current control and
the dead band voltage control respectively. Inlgleratory prototype, two SK50 Gal 065 switches,
which is a compact design of the IGBT and diode ul@duitable for the boost converter, are used as
the main switching devicesy,, S, andD,. Also, an ultrafast diodeMUR820G has been used in
series withS,. In the controller part, th&NEC V850E/IG3microcontroller has been utilised to
implement the control strategy. Skyper 32-pro isduas a gate driver, which can drive two switches
independently and is compatible with the utilis€éBT module. Also, the load disturbances are
applied using toggle switches. As the power supmed in the laboratory has current-limiting
protection, the test has been conducted at lovageltin all tests, the mid point voltagg)(and total
output §/1), are assumed to be kept2lV and 30V respectively, whileViy=-15V. The steady-state
response under the proposed control scheme is stmofig.7. The switching pulses (control signal)
and the inductor-current waveforms are shown in7(@) for the CCM operation of the converter
with load resistances d®=R,=50 Q. From the waveforms shown Fig.7 (b), it is clehattthe
required output voltages are maintained under tlopgsed control scheme. Fig.7 (c) shows the
voltage ripple of each output voltage correspondingwitching states which is discussed in theory.
The control strategy is tested under disturbancdsth load and input voltage, and the results are
demonstrated in Fig.8 to Fig.10, respectively. ¢émd variation test, two conditions have been
considered. In one conditid®=50 andR; is varied from50 to 25 2 and back [Fig.8 (a) and (b)] and
the other ond}=50 andR; is varied from50 to 25 2 and back [Fig.9 (a), (b)]. To show the effect of
discontinuous modification of inductor referencereat on dynamic response, two different times for
modification, five and ten hysteresis cycle peribdve been considered in each load variation
condition. The output voltages displays an undeysi{overshoot) for the load current increase
(decrease), but they quickly settle around thderemces value. As demonstrated in Fig.8 and Fig9,
modification of reference current each five cycleads to superior dynamic response. Also, the
switching options to contrdl; andV,, controlling ofV; surpasses than the other output, so that it has
less undershoot and overshoot compared WithWhile the converter is working with a load of
Ri=R,=50 Q (CCM operation), a change in the input voltagenfihe 15-10 Vand back is applied.
The change in the input voltage and the correspgndutput-voltage waveforms are depicted in
Fig.10. It is observed that the total output vadtanows small undershoot (overshoot) for the input
voltage increase (decrease) and settles down aftgnort time. However, the mid point voltage
remains constant, and the transients in voltags#fieiently diminished.

Conclusion

In this paper a simple and cost effective contti@dtegy has been proposed to control the mid point
voltage of MOB converter and also boost the lowutngoltage. Double-output MOB converter and
discrete voltage control with inner hysteresis entrcontrol loop has been have been implemented by
laboratory prototype. Simulation and experimengautts verify the success of control strategy and
performance of the proposed converters. Proposadot@lgorithem could easily be extended to offer
multiple outputs by adding extra mid point voltagmatrol block.
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Fig. 8: Waveforms during transient condition whnis changed form 5Q to 25Q andR,=50.
(a) current modification after 10 hysteresis cy¢ldscurrent modification after 5 hysteresis

<%, Agilent Technologies

: ,}:--Agilem Technologies

V1+¥2 (CH3: 10¥/div il
__ vememova

"’

VI4v2 (CHR: 10V

V1 (CH2:10Viid)

R2 load current (CH4:1A/il)

e b Rl bk i

Induetor cwrrent (CHI :1A/2iv)

@ (b)
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