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Abstract

This paper presents a new DC-DC Multi-Output BqdDB) converter which can share its total outputneen different

series of output voltages for low and high powepl@ptions. This configuration can be utilised e&d of several single
output power supplies. This is a compatible topplémy a diode-clamed inverter in the grid connegtgystems, where
boosting low rectified output-voltage and series & capacitors is required. To verify the propsdgepology, steady
state and dynamic analysis of a MOB converter gaenined. A simple control strategy has been propposelemonstrate
the performance of the proposed topology for a teobtput boost converter. The topology and itste@rstrategy can
easily be extended to offer multiple outputs. Satioh and experimental results are presented te $he validity of the

control strategy for the proposed converter.
1. Introduction

DC-DC converters are widely used in low and highveo applications. Recently, multi-output DC-DC cerers have
been employed with multiple inductors, in whichr, fd output voltage, M inductors are required. As tlumber of output
voltages increases, the number of required indsistdf also be increased which leads to an incréasiee cost and size of
the system. A new generation of Single-Inductor tiglé-Output (SIMO) DC-DC converters have been added in [1]
based on buck, boost, and buck-boost topology. dpoach reduces the number of external bulky coepts such as
inductors and power switches, leading to decreasstland losses in the system. Several voltagari@]current control [3,
4] techniques have been applied for SIMO converterenprove the dynamic performance in CCM or DCpEmtion.
However, in these configurations, loads are inddpatly constructed (Fig.1).

This paper presents a new single inductor MOB cdavetructure with series regulated output volsaggeries regulated
DC voltages may be required in different low anghhpower applications. One of the most intereséipglications of this
new family of DC-DC converters is the boosting aedulating the low and variable output voltageafaewable energy for
the DC link of grid connected systems [5-7], basadmultilevel inverters. Multilevel inverters cagrnghesise the output
voltage with more voltage steps, which approachesréference with low harmonic distortion as welllew switching
frequency compared with traditional converters.oAlas the transformers operating at the line frequeare bulky and

high-priced, the need for the direct connectiothese systems to a high and medium voltage gricefothe modification



of the single-phase or three-phase multilevel togiels [5]. Among them, diode-clamped is the moshmon type of
converter, widely used in wind turbine and phottaicl applications [8, 9]. However, the most crudedue in diode-
clamped topology is the neutral point voltage bailag [10-13]. Using an MOB converter at the DC linllitage of the
diode-clamped inverter can solve the capacitoragaltimbalance and help to simplify the controlteggg. To verify the
feasibility of the MOB converter’s topology, botteady state and dynamic analysis have been camied\ current control
strategy combined with voltage control has beelizat to keep the simplicity of the system as i & extended from a
double-output converter to a multi-output convertithout a significant change in the control citcihis control strategy
may be implemented by a combination of analoguelagidal ICs, or a simple microcontroller to kedye toutput voltages
of the MOB converter at desired voltages againsiatian in load or input voltage. Finally, simulati and experimental

results have been presented to show the validitheo€ontrol strategy and proposed topology.
2. Basic Circuit Configuration

A circuit diagram of theN-output boost converter is shown in Fig.2 (a). Ttirguit consists of a boost switch, N-1
sharing switche§; to Sy.;, N diodes D; to Dy), an inductor, and\ capacitors €, to Cy) with different loads R to Ry). In
the subinterval zerdg, is turned “on” and the inductor can be charged H®y ¢urrent flowing through it. In the nekt
subintervalsS, remains “off” and thes; to Sy.; are switched to chardé-1 capacitors into the desired value. Wigo S.1
are “off”, the diode Dy) directs the inductor current to charge@jlto Cy to generatd/; to Vy, respectivelyD; to Dy.; are
used to block the negative voltage and provide qwadrant operation &, to Sy.;. In a double-output converter there are
three possible switching states@scan not be turned “on” whil& is “on”. The operation of the circuit in three difént
switching states has been summarised in Table INf&#. The equivalent circuits of all switching stateavé been
demonstrated in Fig.2 (b) to 2(d).

Table 1: Switching states of double-output boosiveoter

Switching states & | S C; C,
10 on | off| Discharge Discharge
00 off | off | Charge Charge
01 off | on Charge | Discharge

Fig.3 shows the proposed DC-DC converter connectedthree-level diode-clamped inverter. By cotitnglthe proposed
DC-DC converter, the DC link capacitors of the inge can be regulated to the desired voltage Ieévstrefore, the MOB
converter can address the capacitor voltage balgngidiode-clamped converters, which then willrdese the complexity
of the inverter control strategy.

2.1. Steady State Equations

To analyse the steady state performance of the M@®erter, time intervals of each switching aresidered as 1, Too,
and Ty;. Then, switching period can be expressed as follows:

Tio+Too +Tor =T 1)



where, T is switching period. Based on the aveatgehnique and waveforms shown in Fig.4, the ayenaductor voltage

over one cycle should be zero in the steady state:

T10(Vin) + Too(Vin =V1=V2) +To1(Vin =V1) =0 )
By definition of duty cycles in Eq.3 and substitutiin Eq.2, it can be rewritten as follows:

(Do +Dy)' = @

3
D) = (Too ;T01) ®
Vin =(Do)V1 +(Dg + D)V, (4)

where,V,, is input voltage an¥; andV, are the bottom capacitor (mid point) and top cépawoltages, respectively. Also,

the average capacitor current over one cycle shmlrkero in the steady state.

\% \% \%
T (-=5) +Too (I - 1) +Ta (1 - =) =0
Ry Ry Ry (5)
| = V—l
R1(Do)
\% \% \%
T10 (‘R—Z) + Too (I - R—Z) +T01(‘R—2) =0
2 2 2
(6)
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From Eq.4 to Eq.6, the steady state equation calebieed as follows:
V, = N(Dg)Vin
1= 12 12
n(Dp)“ +(Dg + Dy)
, = (Do + Dy)'Vin )
n(Dp)? + (Do + Dy)'?
| = Vin
Ri(Dp)? + Rp(Dg + Dy)'?

R _ . . . o
where, n = R—l. According to Eq.7, two different voltages candigained on output. Comparing this situation whie t
2

basic single outputM;) Boost converter, although the total output vadtddgr) in both converters is increased, in the MOB
converter different output voltages can be obtaibheded on different duty cycles of the boost sw{i&)) and sharing
switch &) in steady state operations. Since the outpuiageltin Eq.7 is related to the load ratio, Tableh@ws some
limitations to achieve diverse voltages that shdadcconsidered due to the fundamental nature dfitheit.

Table 2: Nature limitation of load ratio in differeoutput voltage

Vi=Va | _ (Do +Dy)
Do

V>V, n> (Do +’D1)
Do

Vi<V, < (Dp +Dy)
Do

Regarding Fig.4 in steady state operation, pegle#dk inductor current variationl) in CCM will be:

LA =Vil"| =N :Vin—IIi)OT
Also, Eq.9 and Eq.10 show the peak to peak voltgge of output voltages.

(8)



AV, _ DoT

)
Vi RG
AVZ - (DO + Dl)T (10)
\7 R.C,
By substitution of Eq.8 in Eq.9 and Eq.10, outpoitage ripple can be derived as follows:
AV _ AlL
V; V;
1 Rlcl in (11)

AV, _ AIL N D,AIL
Vo RCVin  DoRCoVin
Regarding Eq.11, the percentage of rippl¥iis related tafl as the other parameters are of constant valuesteaaly state

operation. However, the percentage of rippl¥4iis associated with the ratio egi in addition tal.

0

2.2. Dynamic Model

Using an averaging method in each switching cyatigte equations can be developed for the dynanailysia of inductor
current or capacitor voltages in terms of systearsables.To construct a small-signal ac model at the quigtsoperation I
Vi, V2), we can assume a small perturbation at the opgrgibint. Thus, all input and output variables defined as

X(t) = X + X(t) where X is a DC amount and x (t) is an AC small-signal

LA = 2140 (0Vin (0) + oo (Vi (1) = V2 (0) = V2 () * tor ()(Vin (1) = Va (1)
d
C1 o0 - Ti[tm(— ) ] +1g (t)[i(t) - le_m] +t01(t)[i(t) - le_m]] (12)
1 1 1
c, 22l = Ly, (t)[— 2t ] +too (t)[i(t) -2 ] +t01<t>[— - ]1
Regarding Eq.3 and linearization method, Eq.13 shibw dynamic model space state of the proposed@jacation.
L o o]fi 0 =(Dg) —(Do=Dy)"|T i 1 Vi+Vy Vi 1[0,
0c ollwl=| ©y —Ri 0 vl+[o -1 olld, (13)
0 0 Coll|v 1 1 v | |0 =1 -1||d
(Do-Dy)" O &
L 2 i

According to Eq.12 and Eq.13, changimy€D,)’ andD, with a different ratio in a closed loop contros®m can keep
the output voltages constant while the inductorenir value has been modified. Developing this cphedll lead to a
current control strategy combined with voltage cointo achieve the desired output voltage with aper dynamic
response. Regarding the steady state statementdyaachic model, the proposed MOB converter acts lagost converter
topology with a series of multiple output voltages.

2.3. MOB Converter with Multiple Outputs Configuration

Steady state and dynamic analysis can be extermtethé proposed topology with multiple outputs (d€g.2 (a)).

Rewriting the state space variables for N outputs:
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Extracting transfer function from these equations:
1
I(s) = >
Re@- X Dj1)?
Ls+ Y 1=1
k
Re@- _Zle—l))
V(s =——1 = (s
k(s) 1+ RCys (s)
Finally, the steady state equations for N outpltiag®s would be:
R (1- X D)V, V;
Vk = K K-1 |I"|2’ I = | 5 (16)
YRk @-XDg4) YRk @-XDg-)

It is clear that different output voltages can bkieved based on different duty cycles.
3. Control System and Switching Strategy

Several current-mode control strategies have beeducted to improve the dynamic response convejtdrd 8]. To have
the potential of combining the advantages of digitantrol and current mode control in a relativeiynple controller
realisation for a MOB converter, a cross voltagatad (V) with an internal hysteresis current control ldogs been
performed combined with mid point voltage,) control. Fig.5 illustrates the block diagram bé&tcontrol method for a
double-output boost converter. As shown, the doligh is a cross voltage control with a hysteresisent control loop for
the inductor current, in which the cross outputhtef MOB converter is controlled by switching theobbswitch &). The

dashed loop is a mid point voltage control whesbaring switch%,) is forced to balance the capacitors’ voltage.
3.1. Cross Voltage Control with Hysteresis Current Control L oop

This control loop consists of two cascaded conimops. The outer loop is a voltage control modeudgh which the
reference current is modified based on voltageraodorce this error to zero. The inner loop ig thysteresis current
control which is the main loop that runs to forgilslonstrain the inductor current between the hgsierbands around the

defined reference current.
3.1.1. Current Reference Generator Block

To find the correct current reference against a@stuthance in load or input voltage, the referecwweent generator applies
based on the level of total output voltage errdre Teference current is modified discontinuousldistrete time to predict

the desired inductor reference current to force vibkage error to zero. The signal to update tHeremce current is
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generated from the PLD block. The reference cunglhtbe decreased (increased) whenever the esrorare (less) than a
defined dead band. Subsection “1” in Fig.6 (a) shetwe flowchart of this control section. There igan G) for closed
loop control to change the step change of the eafar current. The gain will be increased when therés high and
decreased when the error is low, in which dynamsponse can be improved as the current step igetian respect to the
error. This block can be implemented by a samptetaid IC which can keep the current referenceraaralogue signal
and modify it based on the error signal. On theeottand, a microcontroller can generate a referengent according to

the error.
3.1.2. Current Hysteresis Block

This block changes its output signal based on compahe actual inductor current and its referetacerack the reference
current. Therefore, once the inductor current ehits the upper (lower) band, the output signalsnge to zero (one). In
this manner, the inductor current is controlledefined hysteresis band. The output of the hysteideck applies to a
Programmable Logic Device (PLD) block and the bomsiich S,. Since theS, is controlled by the hysteresis current
control, the control law is defined as Eq.17.

if =1, +B then Sp =0
if | <l —-B then Sp =1
where, 1, |, B are the inductor actual current, inductor refiee current, and hysteresis band height respbctiVae

\Y

(17)

control scheme of the hysteresis current contrdegicted in subsection 2 in Fig.6 (a). This bloak be implemented by a

logic device or a simple program in a microcongnll
3.2. Mid Point Voltage Control

Due to the nature of the proposed converter ind abthere is no chance to tignandS, “on” simultaneously. To balance
the mid point of capacitors, only two switchingtetare utilisable (00 and 01). Although theredschance to charge the
C, regardless o€, the reference current generator can modify thed teltage ¥+=V1+V>) in this case. In the dead band
voltage control block, the amount of mid point agjé ¥/;) error is compared with the defined voltage deaddo(assumed
1% of reference) , if the voltage is higher thaa tipper (lower) dead band output signal of bldt&nges to one (zero).
The output signal applies to the PLD block. Thetod scheme flowchart of the mid point voltage wohis shown in
subsection 3 in Fig.6 (a). It should be mentiorteat tefining the dead band can decrease unnecessiéching when the
mid point voltage error is negligible; otherwise#n be set to zero to increase accuracy.

3.3. Programmable L ogic Device (PL D)

This block involves two tasks. The first is desidrite count the hysteresis pulses and enable sfgnaurrent reference
generator block after a defined hysteresis pulssgugntly. By doing so, the current reference dadschange faster than
the inductor current dynamics. Furthermore, theudtadr reference current can change within a differeumber of

hysteresis pulses to control the dynamic response.



The second task is to apply a proper switchingesiattS, to balance the mid point voltage. To do so, th&t siitching
state is chosen from Table 3 to make an optimuranzal between the actual output voltages and thfeirences, during the
discharging period of the inductog€off ) in each switching cycle. Therefore, the dutyleysf S, (D,) is defined to
balance the mid point voltage. By receiving theitdigsignals from hysteresis and mid point voltagatrol block, proper
signals for the current generator block &h@re generated by the PLD block, so that it canniq@eémented with a logic
device or programmed in a microcontroller.

Table 3: Switching states based\@rposition

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

3.4. Switching Pattern and Flowchart of Control Strategy

The entire flowchart of the proposed control stygthas been depicted in Fig.6 (a). As illustragedept for changing the
inductor reference current that can be implementigld an analogue sample and hold IC, the otherspzirthe control are
based on logic signals. Also, control circuit casily be applied for multiple outputs by measuring mid point voltages
and controlling the relevant sharing switch of thaint with the mid point voltage control. The sshiing pattern ofy, and
S, based on hysteresis block pulses and mid poirtagelcontrol has been demonstrated in Fig.6 (bjhénhysteresis
current control, the hysteresis band of the cumegtlator is adjusted to control the switchingyfrency. By assuming the
hysteresis band height as 2B and substitutingHgji8, the switching frequency can be calculateibliésys:

_DoT Vin _Vin Do
=—0 Tin fon=

= TR
In Eq.18,switching frequency is defined based on hystergaisl height, rate of inductor, input voltage, andycycle.

2B (18)

Therefore, by considering the constant hysteresisl land circuit parameter, the switching frequesayonstant whenever

. R .
the ratio of loadsf(= ?i) is constant.

Also, by substituting of Eq.11 into Eq.18, the slihg frequency can be calculated as follows, basetthe voltage ripple:

-V, Do
SW ™ A\, X"
AVi RG (19)
- Vo , (Dg+Dy)
WAV, RGC,

Regarding Eq.19, the hysteresis band can be ctatr have a constant voltage ripple.
4. Simulation Results

To show the performance of the proposed convertdethe presented control strategy, simulatiordifferent conditions
with load and input voltage variation have beerfqrared. In all simulationé=1mH, C,;=C,=0.1mF, V,,=100V, and the
total output voltage\(y) has been boosted to 300To show the ability of the system to control thiel point voltage ;) to

the different value, it has been set for 200V whiglwice the input voltage. As discussed, theetiior modification of

current reference and closed loop gain are thenpeteas in the control strategy which can affectdiieamic response. In
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these simulations, the current generator block#&bked in each five hysteresis cycles as it carease the stability of the
system, and closed loop gain varies from 0.005.86@D regarding to the value of voltage error. Atodlfer function to
generate a proper reference current against avimaation is simulated in Fig.7 (a), when the vg#tas dropped due to an
increment in load current. As it is exposed, thautor reference current modification is proporéibto the voltage error
and it occurs after defined enable time. Increasirggenable time helps to increase the stabilityhef control strategy,
however, it reduces the response of the systeni/ fy and 7 (c) illustrate the dynamic performaotée control scheme
against variation in load and input voltage respebtt. As has been shown, the reference curreatbesn updated based
on voltage error to achieve the desired outputagas. To show the validity of the control technifmemore than double-

output converters, Fig.7 (d) demonstrates the edigu of mid point voltages for triple-output comtess.
5. Hardwareresults

To verify the proposed MOB converter with the cohtstrategy, a prototype of a double-output corerefias been
developed and controlled. The instantaneous vatdfiele inductor current and output voltages aredusecompare the
threshold values given by the hysteresis currentroband the dead band voltage control respegtivighe control signal is
fed into the gate of the main switching device (I3Bhrough the gate driver circuit which providés hecessary isolation
of the switching signal ground and power groundhe Prototype of the power board for the double-gttimost converter
is shown in Fig.8.

In the laboratory prototype, two SK50 Gal 065 shés, which is a compact design of the IGBT and elimbdule suitable
for the boost converter, are used as the main Bingjadevicess,, S, andD,. Also, an ultrafast diod®MUR820G has been
used in series witB;. In the controller part, thdEC V850E/IG3microcontroller has been utilised to implement ¢batrol
strategy. Skyper 32-pro is used as a gate driveichvcan drive two switches independently and imgatible with the
utilised IGBT module. Also, the load disturbances applied using toggle switches. As the power Bupped in the
laboratory has current-limiting protection, thettieas been conducted at low voltage. In all tebtsmid point voltage\(y)
and totaloutput §/7), are assumed to be kept2&V and30V respectively, while/,y=-15V. The steady-state response under
the proposed control scheme is shown in Fig.9. §iéching pulses (control signal) and the induatorrent waveforms
are shown in Fig.9 (a) for the CCM operation of teaverter with load resistancesRER,=50 Q. From the waveforms
shown Fig.9 (b), it is clear that the required omitpoltages are maintained under the proposed @ostheme. Fig.9 (c)
shows the voltage ripple of each output voltageesponding to switching states which is discusadtigory.

The control strategy is tested under disturbancdsoth load and input voltage, and the correspangariations in the
output voltage and inductor current are demonstrate=ig.10. In Fig.10 (alR=50 andR; is varied from50 to 35 Q and
back, while in Fig.10 (b) botR; andR, are varied fronb0 2-35 Q and50 Q-25 Q respectively. It is noted that the operation
of the converter still remains in the CCM and therent modification applies in each five hysteresisles discontinuously.

The output voltages display an undershoot (ovet3hioo the load current increase (decrease), bey tuickly settle



around the reference value. Also, due to the switchptions to controV; andV,, the controlling of; surpasses the other
output, so that it has less undershoot and ovetskbile the converter is working with a load B=R,=50 Q (CCM
operation), a change in the input voltage from1b6e10 Vand back is applied. The change in the input geltand the
corresponding output-voltage waveforms are depiotdeig.10 (c). It is observed that the total odtpoltage shows small
undershoot (overshoot) for the input voltage inses@ecrease) and settles down after a short However, the mid point
voltage remains constant, and the transients iagelare sufficiently diminished.

6. Conclusion

In this paper, a new DC-DC multi-output boost (MO&)nverter has been presented, in which differempwd voltage
sharing can be achieved by a given duty cycledar &nd high power applications. In addition, to $toine low rectified
output-voltage of renewable energy systems, theliBiCcapacitor imbalance problem in diode-clampedwerter based
systems could be avoided, which leads to a decri@atee complexity of inverter control. A simple daicost effective
control strategy has been proposed to control tieepwint voltage and also boost the low input voiaA double-output
MOB converter and its control strategy have beepléemented by a laboratory prototype. Simulation argderimental
results establish the success of the control gtyaded the performance of the proposed convertéms.proposed topology

could easily be extended to offer multiple outpiitse salient features of the proposed scheme dmlass:

* Approaching multiple series output instead of ongot voltage in DC-DC converters.
* Boosting and adjusting the low input voltage ofewable energy systems into different output vokage

* Removing the capacitor voltage imbalance problendéorease the complexity of the inverter contradtem by
connecting the MOB converter to the DC link of déeclamped converter.

¢ offering a simple control scheme based on logiaalg which can easily be extended for structuré witltiple output
voltages.
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