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Analysis and Control of a Cellular
Converter System with Stochastic Ripple
Cancellation and Minimal Magnetics

David J. PerreaultStudent Member, IEEENd John G. Kassakiafellow, IEEE

Abstract—A parallel converter architecture based on the reso- output ripple current is expected when paralleled converters
nant pole inverter (RPI) topology is presented. It is shown that are controlled autonomously (e.g., without interleaving). This

this architecture minimizes the output magnetics required for 541 tical result is corroborated via piecewise simulation of
current sharing. A new current control scheme is introduced .
the new parallel architecture.

which reduces peak currents, losses, and output voltage ripple for
many operating conditions. This new control method is applicable
to both the single RPI and the parallel architecture. Additionally,
the paper analytically quantifies the degree of passive ripple II. CURRENT SHARING

cancellation between cells of a parallel architecture. It is shown

that the rms ripple current of an N-cell paralleled converter Constructing a large converter by paralleling smaller con-

system is a factor of1/v/N lower than for an equivalent single verter cells requires a current sharing mechanism to prevent
converter. These results are verified using a piecewise-linear the destructive overload of individual cells. Current sharing
T et By "% $0M can be_achieved by using an appropriste_contol scherme
in conjunction with a magnetic structure which absorbs the
instantaneous voltage differences between cells. Stated another
I. INTRODUCTION way, the individual cells should be made to behave as current
ONSTRUCTION of h|gh power converter Systems b?ources for times on the order of the SWitChing periOd.
paralleling many low-power converter cells has sub- The interphase transformer (IPT) is the standard structure
stantial potential advantages over conventional single larfg paralleling two converters [3], [7], [8], and can be extended
converter designs. Advantages of such cellular converter ardiei-more converter cells using many legged IPT's [9], [10] or
tectures include performance, reliability, modularity, manufagvhiffletree connections of IPT's [10], [11]. However, these
turability, cost, and the ability to switch at higher frequenciegesigns are inappropriate for paralleling large numbers of cells
[1], [2]. While paralleled converter systems are often usdskcause they are difficult to manufacture, and the cells cannot
at very high power levels [3]-[5], and in those applicationse made autonomous (an important condition for increased
which demand high reliability [6], the rating of the paralleledystem reliability). Another approach is to place an inductor
converters has been too large to permit mass productignine output of each bridge leg [4], [12], [13]. This structure
manufacturing techniques and high-frequency switching. equits in a converter system which is modular and more

Realizing the benefits O_f a cellular architecture requir‘?‘ﬁanufacturable. However, the size of the output inductor
suitable converter topologies and control techniques. T an important design parameter, since it can represent an

aper discusses some key issues in the design of cellular . ) . S
pap y 9 ) reciable fraction of converter size and cost. Minimization
converter systems and presents a new parallel architectu

) . . S he energy storage requirement of the output inductor is

implementation which addresses these design issues. We sfjow ) . ;

that this architecture mitigates some of the major drawbacﬁ('g"S a key design goal for a practical cellular architecture.

of the single resonant pole inverter (RPI) on which it is

based. Furthermore, we present an enhanced control algorithm

applicable to both the RPI and the parallel architecture which IIl. SIZING OF BRIDGE OUTPUT INDUCTANCE

significantly reduces converter stresses and losses for manZonsider the single-phase half-bridge converter of Fig. 1

operating conditions. operating under hysteretic current control. The converter is
Another contribution of the paper is the analysis of thiwaded by a voltage soureg, which, for times on the order of

passive ripple cancellation which occurs among cells inthe switching period, represents the output filter, the load, and

parallel architecture. We show thatigy/N reduction in rms other paralleled cells. Given a maximum switching frequency

fsw, @ reference current.;, and a specified hysteresis band
the energy storage requirement of the inductor is
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t Fig. 3. (a) The RPI and (b) its output current waveform.
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Fig. 1. (a) A half-bridge current-controlled inverter and (b) its output currennaintains zero-voltage switching by operating with a ripple

waveform. ratio & slightly greater than one.
Norrmalized Wevs. k IV. THE RPI
<0 The RPI converter topology is shown in Fig. 3 [14]-[21].
18k The operation of this converter is illustrated in Fig. 4 and
proceeds as follows. Assume operation begins wgithcon-
= 1er ducting (Mode 1). If the filter capacitor is large enough to
Uooqaft clamp the output voltage over the cycle, the inductor current
N will build up linearly until it reaches a curren} determined
: 1= by the controller. At this point the controller turi$g off, and
=10 the inductor rings with the two resonant capacitois, C,o
o 5 (Mode 2) until Dy turns on (Mode 3).5; is then turned
Z on while D, conducts. During this time, the current in the
6 inductor linearly decreases and reverses direction (Mode 4).
A When the current in the inductor reaches a leygl, the
: ‘ ‘ - controller turnsS, off, and the inductor rings with the resonant
oo be 0406 7 08 Lo Lz 1 capacitors (Mode 5) untilD; conducts (Mode 6).5; can
< then be turned on, and the cycle repeats. Note that all switch
Fig. 2. Output inductor energy storage requirement as a function of ripfle@Nsitions occur at zero switch voltage.
ratio, k. As with standard hysteresis-based pulse width modulation

(PWM), the switching frequency varies dynamically. If the
) ) . length of the resonant transitions is small and does not
where k = Adpand/iret- Fig. 2 shows a plot of (1) as agaffect the inductor current heavily, the instantaneous switching
function of £ and shows that the minimum point of thisperiod can be approximated as

curve is atk = 1, with only minor costs in increased energy ] ]
Vch1’(Zp+ + |ZP—|)

storage for values over one. Operation with a ripple ratio T~ T 2 2)
approaching or exceeding one results in the smallest energy Vi~V
storage requirement on the output inductor. The values ofi,, andi,_ used by the controller are

Operation with a large ripple ratio can also be used {gnstrained by the necessity of having enough energy in the
obtain soft-switching of the devices. Soft-switched operatiqAductor to ring the resonant capacitor voltages between zero
is desirable because the reduction of switching losses allowsd V. to obtain zero-voltage switching. That is, when a
an increase in the switching frequency and a commensurdtgice turns off, there must be sufficient current in the inductor
reduction in component size. As will be shown in the next drive the bridge-leg centerpoint voltage to the opposite rail
section, the RPI is a hysteresis-controlled converter whieimd allow the opposing device to turn on at zero voltage.
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| TABLE |
CoNVENTIONAL RPI ConTROL
X -1- Cr .
Sl Lr 1ref <0 >0
Y\ __ ipe=i, ipe= e +1,
> ip_=2i,,f-i, ix,=-iz
i, =i i, =i
Sz / if —t— C[’ z m z m

TABLE 1
ENHANCED RPI ConTROL

iref <0 >0
fl ;E - ¥ ;; T Ver | =i, i py= 2ier +i,
50 |ip =2t -ix ip=-i,
7 NW\: VYV i, =ip i, =max(ip - 2inr ,0)
J l 4 d ip=i, ips= 2iper +1z
| I l fﬁ]’ <0 |ip=2ins-ix ip=-i,
i, =max(iyg + 2i,.s 0)| i, =ip
Mode 3 Mode 4
'y are met, it yields currents which are significantly higher than
l T needed to ensure zero-voltage switching for many operating

conditions. This is because the conventional control method
AT always ensures that the magnitudes:pf andi,_ exceed
imin €ven though this is not necessary for all valued/of.

I /J ff j: We introduce a new control method, shown in Table II,

which reduces peak currents, losses, and output voltage ripple

Mode 5 Mode 6 for many operating conditions and vyields identical perfor-
' _ mance for all others. The new control method takes advantage
Fig. 4. An operational cycle of the RPI. of the fact that for a given output voltage polarity, there is a

minimum inductor current requirement for only one of the two
Assuming ideal components, a minimum inductor curigiif resonant transitions. Whe¥i.; > 0, there is only a minimum
is needed at the end of Mode 1¥i; > 0 where we define  required value fori,,, and whenV,; <0, there is only a
minimum value for the magnitude éf_. Thus, when we are
imin(Vep) = 2 C?‘Vdc|vcf|_ A3) sourcing power from the cqnverter (quadrants one and three),
\/ L, we need only supply any difference between the peak current
No current is required fol/; < 0. Similarly, the magnitude need_e_d to sourcg,; alone and that required for the res_onant
of i, must exceed,,;, at the end of Mode 4 i¥/,; < 0 and transmop. In quadrants three and four, we are left with the
may be zero fort,; > 0. convenuonal_ controll metho_d. 'I_'he contrpl method _shown in
Table II achieves this and is simple to implement in analog
hardware.
] o To illustrate the benefits of this enhanced control technique,
The desired local average output currént is generated \ o consider the simulation results shown in Fig. 5. The half
by controlling the values of, andq,_. If the time spent e converter in this example is used to drive an RL load
in the resonant transitions is small and does not severely s= \/ and 60 Hz. For both control methods, the system
affect the inductor current, the output current waveform cafLs an outer PI voltage control loop yielding a sinusoidal
be treated as triangular, yielding an approximate local avera(g&)[put voltage and uses a value @f = 4uin(Vas) With an

output current Of(izﬂr + ip_)./2. The convgntlonal CO””,O' additional constant safety margin for peak current calculations.
method for generating a desired; is shown in Table I. This g regonant inductor current is significantly reduced for

method ensures that the inductor current is high enoughal enhanced method as are the device and filter capacitor
each transition by adding a margip, to the magnitude of ¢ ents. For the example shown, the rms current of the
both 7,1 andi,—, whereq,, is a current sufficiently greater e, capacitor was reduced by over 15% compared to the
than i to ensure reliable operation. conventional method. This benefit of the enhanced control
algorithm is especially significant for converters which operate
B. Enhanced RPI Control at partial load since it improves partial-load efficiency by
While the conventional control approach is simple anckducing the fixed losses associated with maintaining zero-
always ensures that the resonant inductor current constravd#tage switching.

A. Conventional RPI Control
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Fig. 5. Comparison of RPI control methods. RPI Has= 15 ¢H, C) = 0.16 uF,Cy = 150 puF,L; =1 mH, Ry =18, and Vg, = 300 V.

One minor disadvantage of the enhanced control methmetuces the size of the required magnetic components accord-
is that the approximate relationship among;,i,+, and ing to (1). These advantages are achieved with a minimum of
ip— IS less accurate for the enhanced method than for thdded components and a simple control system. We will also
conventional method. Because the currents are lower frow that significant ripple reduction occurs due to stochastic
the enhanced method, more time is spent in the resonaancellation in the aggregated output of the cells.
transitions, and the overall waveform shape is affected more by
the transitions. However, these effects are easily compensated
for using feedback and do not pose a significant problem as PRP! Advantages
can be seen by the resulting waveform quality in Fig. 5. In addition to its other attributes, the PRPI eliminates

two of the major drawbacks of the conventional RPI. As
discussed in [16], the practical size of an RPI is limited by the
V. THE PARALLEL RESONANT POLE INVERTER difficulty of constructing output inductors of a large enough

An important contribution of this paper is the developmentting. However, anV cell PRPI can be constructed which is
of the parallel RPI (PRPI) architecture based on the RPI célinctionally equivalent to a single RPI a¥ times the cell
structure, as shown in Fig. 6. For simplicity, the single-pha&4 rating, increasing the converter size by a factor &f
half-bridge will be discussed here. Constructing a paralleler that achievable using a single RPI. To see this, consider
system using RPI cells meets the objective of minimizing th@eaking down a single RPI int®y cells as shown in Fig. 7.
size of the magnetic structure since the RPI cells operate n&ach of these converter cells will, to first order, operate at the
the minimum energy storage point of (1). Furthermore, becausame frequency as the original and hay#&/’ times the losses.
this converter is fully soft-switched, it can operate at highdrhus, creating the same VA rating with equivalent parallel cells
frequencies than a comparable hard-switched converter for thistributes the inductance in a manner which makes it far more
same total losses. This increase in switching frequency furtimanufacturable than a single large converter. This benefit is in
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Fig. 6. The PRPI architecture.
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Fig. 8. (a) Comparison of output voltage and current for a single RPI and (b) an equivalent ten-cell PRPI system. The single RPI has
r = 25pH,Cr = 016 uF,Cp = 50 uF, Ligag = 1 MH, and Ripag = 1Q.

addition to the fact that, in practice, the smaller converters ceaduces the rms current stress on the filter capacitors, even
be designed to operate at higher frequencies than a single lakdpen the cells are controlled autonomously (without active
converter due to reduction of parasitics and the distribution dpple cancellation). We compare the relative performances of
heat generation [2]. a single RPI and a ten-cell PRPI, both operating under the
Another major difficulty with RPI's is the high currentenhanced control method described previously, as shown in
ratings of the output filter capacitors [17]. Ripple cancellgFig. 8. The simulation results, obtained using the piecewise
tion among the individual converters of a PRPI significantljnodel of Appendix A, show that the rms current stress on
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For these parameters, we find

. iref irn
IL;H— =2 N + N
i = —% (10)

and a switching period of th&th cell of approximately

T, ~ VdCLl,,yk(i;pJr + lip_])
1 V2 _ V2
4 "de cf

Fig. 9. The RPI inductor current waveform at a fixed operating point. ~ The output current waveforms of the cells are essent'ﬂdﬂy

scaled versions of the single RPI output current with small

the PRPI filter capacitor is over 70% less than that in theriations in frequency due to deviations of the individual cell

equivalent single RPI, and the voltage ripple is lower as wepfarameters from their nominal values.

This reduction is purely due to ripple cancellation among the We can express the output ripple current of an individual

outputs of the cells and is likely to be useful for diminishind®RPI cell as

acoustic noise and EMI.

(11)

o>
. Jnwt
Z;ip,k = E Ck,nejnwk (12)
VI. ANALYSIS OF PASSIVE RIPPLE CANCELLATION n=-—00

A significant contribution of this paper is the quantificationvhere
of the amount of passive ostochasticripple cancellation 27

which occurs between paralleled cells in a cellular architecture. Wk = T (13)
We will show that if a single large RPI is replaced by an equiv-

alent N-cell PRPI, al/\/N reduction in rms output ripple an

current is expected under open-loop conditions when the cells Cron & ﬁ (14)
are controlled autonomously (no active ripple cancellation). TN

Consider a single RPI with parametdrs andC). operating The power spectral density of tieh cell output ripple current
at a fixed output voltage.; and commanded currefits. The g

inductor current waveform of Fig. 9 is periodic with a period 0o
T determined by (2) and has peak currents Sy (w)=2r Z |Chon|26(w — ney, ). (15)

Lripok

ipt = 2iret + im n==o0
by = —lm. (4) Because thd},’s are not identical due to parameter varia-

tions among the cells (including resonant component values,

The output ripple current, is equal to the inductor currentgensor gains, etc.), the power spectral density of the total

i, minus its dc level. We can express the ripple current asi@pje current is the sum of the power spectral densities of

Fourier series the individual cell ripple currents. Thus, for the PRPI case,

i : the power spectral density of the total ripple current is
= > Gt (5) | POWersP y PP
ne—o0 N oo
(W) =2 nl?6(w — nwy
where S (w) W;n;OOWk, |“6(w — nwy,)
27 N
Wo = 75 (6) 21 i
T zﬁz > 1CaP6(w —nwy).  (16)
The power spectral density of the ripple current is then k=1n=—oc0
0 This leads to an rms ripple current of
Si(w) =21 Y [|Cul?8(w — nw,). 7)
T 4! — i e . o~ i S 2
This yields an rms ripple current value of Yo rms = \/27r o Sig (W) dw = Nn:z_:oow"'
. 1 Foo nd ~ ia;,rms 17
tz,rms — \/%/_Oo Szl (CU) dw = Z |Cn|2 (8) \/N ( )

] ) ) Hence, if a single large RPI is replaced by an equivalgnt
Now we break down the single RPI into an equivalé  ce|| PRPI, a1/v/N reduction in rms output ripple current is
cell PRPI as shown in Fig. 7 where theh cell has parameters expected when the converters are controlled autonomously.
C, To verify this result, the RPI example of Fig. 8 was sim-
Crp & N ulated over one line cycle using the method of Appendix A,
L,y ~NL,. (9) and the rms ripple current was calculated. This was repeated
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PRPI rms oulpul ripple reduction vs. N APPENDIX A
MODELING OF THE PRPI

This appendix presents a piecewise model for simulating
the generallV-converter PRPI system of Fig. 6. The model
assumes ideal switches and components an&-drE load.

We give state equations for the resonant inductor current and
(bottom) capacitor voltage of theth converter cell in each
mode along with the boundary conditions for transition to
the next mode. State equations valid under all conditions are
‘ presented for the filter capacitor voltage and load current.
|2 pmaated The resonant inductor current and bottom resonant capacitor
- - - voltage of thekth converter cell are denoted gs; andvc i,
respectively.
0.2 ; ‘ . - . The state equations for the filter capacitor voltagg, and
‘ ‘ load current,i;, are

Normalized rms ripple current

(=]
J
~
o
=
&
N
=

N for the PRPI.

N
Fig. 10. Theoretical and simulated reductions in rms current ripple versus < ; ) ;
tLk ) — U

d‘/cf _ \k=1

dt C (18)
for equivalent PRPI converters of 2—15 cells. To model the diy  vep — iz;;— E

parameter variations occurring in real converters, a uniformly = (19)
L L dt L;

distributed 5% random variation in resonant component values . _

was used. The results of these simulations, plotted in Fig. {d)e equations for théth converter in Mode 1 or §5;/D;

corroborate the analysis. With slight modifications to then, S2/D» off) are

derivation, the result is applicable to a variety of other cell diz %Vdc — Ve

topologies as well. = (20)
Thus, the use of a PRPI significantly reduces the require- dt Lk

ments on the output filter compared to a single RPI, even dve i —0Q. (21)

when the converters are controlled autonomously. The same dt

ripple cancellation effects can be expected under closed-lobipis mode is valid until the inductor current reaches the
conditions, providing that the control strategy does not induspecified valug(i, ), and.S; is turned off.

sympathetic synchronism between individual cells. Interdepen-For the kth converter in Mode ZS;/D; off, S;/D5 off,
dent current control of the cells or locally controlled rippléop to bottom transition)

cancellation schemes would further improve the advantage of

dvc ULk
- 22
the PRPI. o 20 s (22)
di  ven — 5 Vie — Ver
= . 23
dt Loy (23)

VIl. CONCLUSION
is mode is valid whilevc > 0.

The paper describes a ne arallel converter arch'tectJ .
pap : W P v I or thekth converter in Mode 3 or 4S; /D, off, S /D5 on)

based on the resonant pole circuit topology. It is shown that

the architecture meets the important objective of minimizing dir i _% Ve = Ves

the required output magnetics while retaining the simplicity F7 Lox (24)
of the basic bridge structure. Furthermore, we show that the dve '

approach mitigates some of the major drawbacks of the single —= =0. (25)

dt
RPI.
A novel current control scheme applicable to both the nefis mode is valid until the inductor current reaches the
parallel architecture and the single RPI is also introducegPecified value and, is turned off.
This control scheme significantly reduces converter losses and© the ith converter in Mode ¥S,/D, off, S,/D, off,
stresses under many operating conditions compared to Bfitom to top transition)

conventional control method. dvc i 1Lk

Finally, the paper analytically quantifies the amount of dt :_207,7k (26)
passive ripple cancellation which occurs among cells in a di Ve — LV —w
parallel architecture. We show that B+/N reduction in Lk Gk 73 de ™ Tef (27)

total rms ripple current is expected wheéw autonomously dt Lrp
controlled converters are paralleled. This important result This mode is valid whileve ;, < Vye.
corroborated via piecewise simulation of the new parallel The relevant state equations are solved at each time step,
architecture. changing the modes of the individual converters as necessary.
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