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frame computers require power systems which must provide 
several ultra low voltage outputs at ultra high current levels. 
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low voltage outputs at high current levels. 
Fig. 1 shows the block diagram of the stacked power 

system. The system consists of three converters (each with 
a number of power modules in parallel) connected in a 
stacked fashion, and provides five low voltage, high current 
outputs for the high-density emitter coupled logic circuits 
(represented by the five resistors in Fig. 1). V ~ B  (1.4 V) 
is regulated by Converter 1. Vt,c (2.1 V) is regulated by 
Converter 2, and V~,D (3.6 V) is regulated by Converter 3. 
These three outputs are directly connected to RAB, RAC, and 
R ~ D ,  respectively. The other two loads, RBC and R B D ,  utilize 
voltage differences between the outputs of two converters. 
RBC utilizes the voltage difference between the output of 
Converter 2 (Vac =2.1 V) and the output of Converter 1 
(1:a~ =1.4 V) to obtain an ultra low output voltage of 0.7 
V. RBD utilizes the voltage difference between the output 
of Converter 3 ( V ~ D  =3.6 V) and the output of Converter 
1 (I{AB =1.4 V) to obtain an output voltage of 2.2 V. While 

each converter has its own output capacitor, an additional load 
capacitor, CBC, is employed across RBC in order to further 
reduce the switching ripple on this particular output. 

Three converters collectively deliver the high current to 
the loads. Converter 3 delivers 1787 A of current, Converter 
2 delivers 1199 A, and Converter 1 delivers 20 A. The 
total current drawn from three converters is supplied to the 
three load resistors directly connected to the outputs of the 
converters: 126 A to R A B ,  1163 A to RAC, and 1717 A to 
R.~D.  The current through R.~,B is further divided into three 
portions: 20 A back to Converter 1, 36 A to the load resistor 
R B C ,  and 70 A to the load resistor R B D .  Each converter 
employs a number of power modules in parallel to deliver the 
high current efficiently. With current-mode control, the output 
current of each converter is equally distributed between the 
parallel modules, thereby improving reliability and providing 
fault-tolerance in the event of failure of a single module 
[ 11, [2]. Converter 1 has two modules in parallel, Converter 2 
has four modules. and Converter 3 has six modules. 
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TABLE I 
THE CURRE~T RATING AND NUMBER OF POWER MODULES 

Maximum Number of Current Deliverable 
required modules Rating current with 
current of individual one 

126 Amps 
module module failed 

U U 
(a) 

with: 
Converter 1 RAB = I  ImQ 2 150 A 1.50 A 

RBC = x 
RBD = x 

1 199 Amps 
with: 

Converter 2 RBC = 19 mR 4 400 A 1200 A 
RAC = 1.8 ml? + 

1787 Amps 0. N 
with: 

RAD = 2.1 mR 
Converter 3 RBD = 31 mR 6 400 A 2000A U- 

Fig 2 Two approdches to the same application (a) Two stand-alone con- 
The stacked power system offers several advantages. Most 

significantly, the stacked configuration could improve the over- 
all efficiency considerably. As an example, Fig. 2 compares 
two different systems for the same low voltage, high current 
application. In the conventional approach of Fig. 2(a), the 
power conversion is performed by two stand-alone converters: 
Converter 1 delivers 400 A of current at the output voltage of 
1.4 V, and Converter 2 delivers 200 A of current at the output 
voltage of 0.7 V. In this case, the loss associated with the 
internal voltage drop in the output diode (0.4 V for a Schottky 
diode) and the load current of two converters (600 A) is 240 
W. In the stacked system of Fig. 2(b), each converter delivers 
200 A of current for the same load requirements. The loss 
associated with the voltage drop in the diode (0.4 V) and the 
load current of two converters (400 A) is only 160 W, 33% 
less power loss compared to the conventional approach. Other 
unique features of the stacked power system include: 

verters (b) Stacked system 

generation of an ultra low voltage output using the voltage 

generation of five tightly regulated output voltages using 

The dynamics of the converter operating as a subsystem 
of the stacked power system are markedly different from 
those of a stand-alone converter. The stacked configuration in- 
troduces complicated interactions between stacked converters 
and their associated loads. These subsystem interactions must 
be systematically characterized and properly incorporated in 
designing each converter. Otherwise, even though each con- 
verter might be properly designed for its stand-alone operation, 
the entire stacked power system could result in unacceptable 
performance or even instability. 

Based on a comprehensive system level analysis, this pa- 
per presents a systematic design procedure for the stacked 
power system. The design procedure naturally incorporates all 
subsystem interactions and is simple enough to accommodate 
existing converter design techniques. 

To verify the results of analysis and to demonstrate large- 
signal dynamics of the system, computer simulations are 
performed in both frequency- and time-domain. Frequency- 
domain simulations are performed using ASTAP [3] with 

difference between the outputs of two converters. 

only three single-output converters. Fig. 3 .  Converter 1: lip, =297 V, To ~ 1 . 4  V, 72 =1/48, L1 ~ 0 . 8 2  pH, 
La ~ 0 . 1 5  pH, C1 = 6000 pF, CS =0.0.52 F, Rc-1 = 5 mf2, R c ~  = 2 mf2. 

a small-signal model of the system [l] ,  [2]. Time-domain 
simulations are performed using EASY5 [4] with an exact 
nonlinear model of the system. These simulation results will 
be used to substantiate theoretical discussions. 

11. MULTIMODULE CONVERTER 

Fig. 3 shows the schematic diagram of Converter 1 (Con- 
verter 2 and 3 have the same structure as Converter 1 other 
than the number of modules). Converter 1 consists of two 
full-bridge pulse width modulated (PWM) converter modules, 
a secondary LC filter (Lz and C2), and an output voltage 
feedback compensation circuit, FR. The secondary LC filter 
is used to meet stringent ripple specifications. Each module 
consists of a power stage operating at 100 kHz ripple fre- 
quency, a PWM block, and two inner feedback circuits, CSN 
and FL. CSN represents the current sensing network for the 
inductor current feedback. FL is the compensation circuit for 
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Dc load (upper curve) and ac load (lower curve) of Converter 1. Fig. 4. 

the voltage feedback from the output capacitor of each module. 
Reference [ 13 showed that this additional feedback offers 
significant improvements in the closed-loop performance of 
the converter, particularly the transient response in the event of 
failure of a module. Each module contains an input filter stage 
to prevent the pulsating switch current from being reflected to 
the input bus. 

111. LOAD DYNAMICS AND DESIGN STRATEGY 

One possible approach to simplifying the design of the 
stacked power system is to identify the effective load of each 
converter. Each converter in the stacked power system can 
be designed individually considering the remaining part of 
the system as its effective load. The control design using the 
effective load naturally incorporates the effects of subsystem 
interactions and offers good converter performance in the 
stacked configuration. Furthermore, the proper design of three 
individual converters using their effective loads would result 
in good performance of the entire stacked power system. 

A converter operating as a subsystem of the stacked power 
system has unique load characteristics which cause significant 
impacts on the design. This section addresses these unique 
load characteristics and discusses the design strategy for the 
stacked converters. 

A. Concept of ac Load and dc Load 

The load of a converter is characterized by two different 
quantities. The first is the load impedance seen by the output of 
the converter, denoted as ac load ZAC. The second is the ratio 
of the dc output voltage of the converter and the dc current 
drawn from the converter, denoted as dc load R D ~ .  These 
two load parameters, along with power stage parameters, fully 
characterize the small-signal dynamics of a converter and 
provide all information necessary to design the control loop 
and the input filter. 

With the exception of a single converter with a purely 
resistive load, 2.4~ and RDC should be considered separately. 
For conventional converters, however, RDC is identical to 
the magnitude of ZAC evaluated at zero frequency (I ZAC Idc), 

since the power drawn from the converter should be the same 
as the power consumed at the load. 

Unlike conventional converters, a converter in the stacked 
power system sees a complex load consisting not only of load 
resistors but also of the other converters in the system. In this 

Fig. 5.  Smal!-signal model of Converter 1: I d  = (n2Dliv/Ruc.)ci, 
S h  = n l i v d  where D is the duty cycle of each switch with respect to 
the ripple frequency. 

case, the power drawn from the converter is not the same as 
the power consumed at the load. Due to this unique feature, 
RDC can be completely unrelated with 2.4~. Fig. 4 compares 
the ac load, ZAC, of Converter 1 with its dc load, = 1.4 
/ 20 = 0.07 R (detailed discussions about ZAC of Converter 1 
will be given in Section IV). Converter 1 has an R D ~  entirely 
different from IZd4~l for all frequencies. Since 2.4~ and R D ~  
have two different roles in designing the converter, a clear 
distinction between 2.4~ and RDC is essential in designing 
the stacked power system. 

B. Roles of ac Load and dc Load in Converter Design 

In designing a converter, it is advantageous to design the 
control loop and the input filter separately. After designing 
the control loop assuming an ideal voltage source as the input 
of the converter, an input filter can be added whose output 
impedance is sufficiently lower than the closed-loop input 
impedance of the power stage. This approach simplifies the 
design and minimizes undesirable interactions between the 
input filter and control loop. 

Fig. 5 shows the reduced-order small-signal model of Con- 
verter 1 with an ideal voltage source. Reference [ l ]  showed 
that this reduced-order model preserves the small-signal char- 
acteristics of the original two-module converter. Fbf is the 
modulator gain of PWM block, R; is the current sensing 
network gain, and H,(s)  represents the sampling gain of 
the current mode control [SI. Two load parameters, ZAC and 
RDC, are embedded in the small-signal model. From Fig. 5 ,  
it can be easily seen that the dependent current source I d ,  the 
only parameter depending on R D ~ ,  has no effect on transfer 
functions from the duty cycle to various feedback signals. In 
deriving these transfer functions, i j in  is assumed to be zero and 
absorbs Id. Thus the only load parameter which affects the 
control loop design is the ac load 2.4~. (This is true only for 
buck-derived topologies. For boost-derived topologies, both 
z.4~ and RDC must be considered in the control loop design.) 

On the other hand, RDC directly affects the input filter 
design. As will be illustrated in Section V, R D ~  can be used 
to estimate the minimum magnitude of the closed-loop input 
impedance of the power stage. This information is critical in 
designing an input filter which minimizes interactions with 
the control loop [6]. 
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A 

Fig. 6. Load impedance of Converter 1 :  Zor.2 represents the output 
impedance of Converter 2, and Zor 3 is the output impedance of Converter 3. 

IV. CONTROL LOOP DESIGN 
This section discusses the control design of stacked con- 

verters using ac load, ZAC. First ZAC of each converter is 
analyzed in detail. Then the control design is presented based 
on the results of ac load analysis. 

A. Load Impedance Analysis 
The load impedance of a stacked converter is a complex 

combination of the load resistorskapacitor and the output 
impedance of the other converters. Fig. 6 shows the load 
impedance of Converter 1, where 2 0 ~ 2  and 2 0 ~ 3  represent 
the output impedance of Converter 2 and Converter 3 without 
load, hereafter referred to as an "unloaded output impedance," 
respectively. The load impedance of Converter 2 and 3 can be 
derived similarly from Fig. 1. 

To analyze the load impedance of the converter, the un- 
loaded output impedance of a converter should be character- 
ized first. Fig. 7 shows the simplified small-signal model of 
a converter (Fig. 7(a)) and its corresponding block diagram 
(Fig. 7(b)). From Fig. 7(b), the unloaded output impedance 
can be derived as 

where Z p  is the open-loop output impedance and TI,  TL TR 
are given by 

While the unloaded output impedance is a complicated 
frequency-dependent quantity, its asymptotic behavior can be 
easily deduced. At low frequencies, Tn approaches infinity due 
to the integrator contained in FR; this consequently reduces 
Zor- to zero, regardless of the numerator of (1). At high 
frequencies, TI. TL . and TR reduce to zero, and Z p  approaches 
the equivalent series resistor (ESR) of the secondary filter 
capacitor (Re2 in Fig. 7(a)). Thus ZOU approaches ESR of 
the secondary filter capacitor at high frequencies. Fig. 8 shows 
the unloaded output impedance of Converter 1. The output 
impedance decreases monotically at low frequencies and is 
limited by ESR of the secondary filter capacitor (2 mR = - 
54 dBR) at high frequencies. 

A I 

-WJ 
(b) 

Fig. 7. Simplified small-signal model of converter: (a) Circuit model: In 
deriving the unloaded output impedance, C," in Fig. 5 is assumed to be zero 
so C,,, IC,, and the ideal transformer are not included. (b) Block diagram: 
Gain blocks 2, and Fl through Fi represent various open-loop transfer 
function of the power stage. The other blocks are feedback compensations 
and small-signal model of the controller. 

40 -30 r-----l 

10 100 1000 10000 I00000 1000000[Hz] 

Fig. 8. Unloaded output impedance of Converter 1 

Based on the previous analysis, two resistors can be iden- 
tified which approximate the asymptotic behavior of the load 
impedance of the converter: 

R,,(low): low frequency approximation of ZAC obtained 
by replacing the unloaded output impedance of each 
converter with a short circuit and replacing the load 
capacitor with an open circuit. 
R,,(high): high frequency approximation of ZAC ob- 
tained by replacing the unloaded output impedance with 
the ESR of the secondary filter capacitor and replacing 
the load capacitor with its ESR. 

Using these definitions, R,,(low) and R,,(high) of three 
converters are calculated as follows: 
Converter 1: R,,(low) 3 . 7 7  mR (-44.8 dB 0). 
&,(high) =2.29 mR (- 52.8 dBR); 
Converter 2: R,,(Zow) =1.65 mR (-55.65 dBR), 
&,(high) =1.26 mR (-55.99 dBR); 
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Fig. 9. Load impedance of converters: (a) Gain. (b) Phase 

Converter 3: R,,(low) =1.967 mR (-54.13 
R,,(hzgh) = 1.972 mR (-54.10 dBR). 
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Fig. 9 shows the actual load impedance of three converters 
in the stacked power system. The low and high frequency 
asymptotes of 12.1~1 are in good agreement with the respective 
values of R,,(low), and &,(high). The phase characteristics 
of the load impedance confirm that 2.4~ behaves like a resistor 
at both low- and high-frequencies. For Converter 3, R,,(low) 
and R,,(high) are almost identical, and its load impedance is 
effectively a resistor. 

B. Open-Loop Dynamics of Converter 

The open-loop dynamics of the stacked converter can be 
characterized by Req(low) and R,,(high). Fig. 10 shows the 
control-to-output transfer function of Converter 1 with three 
different loading conditions: the first with the actual load 
impedance, Z,ZC, the second with a load resistor of R,,(low), 
and the last with a resistor of &,(high). As shown in Fig. 10, 
R,,(low) predicts the low-frequency behavior of Converter 
1, and &,(high) predicts the high frequency behavior of 
Converter 1. The dc gain of the transfer function is independent 
of the load impedance. 

C. Control Loop Design Strategy 

In general, the closed-loop performance of a converter is 
evaluated by stability margins of the loop gain, the peak 
value of audio-susceptibility and output impedance. Since 
these performance criteria are determined practically by high- 
frequency characteristics of a converter, &,(high) can be 
used as an equivalent resistive load for control loop design 
purposes. Control design using the load resistor of &,(high) 
offers a good closed-loop performance of a converter in the 
stacked power system. Furthermore, the proper design of three 

0- .~.. 

-50 - - 
0 
9 
p-loo - 

5 -  
m 

-150 - 

10 100 1 OW 10000 100000[Hz] 

(b) 

Fig, 10. 
ent loading conditions: (a) Gain. (b) Phase. 

Control-to-output transfer function of Converter 1 with three differ- 

individual converters using their &,(high) would result in a 
good performance of the entire system. 

Detailed design procedures for a multimodule converter 
with a resistive load are given in [l] .  Following those pro- 
cedures, the control loop of three converters are designed 
individually using their equivalent resistive load, &,(high). 

D. Design VeriJication 

To confirm the validity of using R,,(high) for the control 
loop design, Fig. 11 shows the loop gain of Converter 1 
with two different loading conditions: one with the actual 
load impedance, Z . ~ C ,  and the other with a load resistor 
of &,(high). The converter shows very similar loop gain 
characteristics except for the discrepancy around the power 
stage resonance, where ZAC behaves like R,,(low). Fig. 12 
compares the loop gain (Fig. 12(a)) and output impedance 
(Fig. 12(b)) of Converter 2 with Z,ZC and R,,(high). The 
converter shows almost identical closed-loop performance 
with two different loading conditions. Similar observations can 
be made from transfer functions of Converter 3. 

V. INPUT FILTER DESIGN 

This section addresses the use of RDC in the input filter 
design. Fig. 13(a) shows the simplified block diagram of 
Converter I ,  which has an input filter for each module. 
To avoid undesirable interactions between input filter and 
power stage, the output impedance of the input filter (ZOF 
in Fig. 13(a)) should be sufficiently lower than the closed- 
loop input impedance of the power stage (& in Fig. 13(a)) 
for all frequencies. 

For a converter with a high loop-gain crossover frequency, 
the minimum magnitude of the closed-loop input impedance of 
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Fig. 11. 
Gain. (b )  Phase. 

Loop gain of Converter 1 with two different loading conditions: (a) 
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Fig. 12. 
conditions: (a) Loop gain. (b) Output impedance. 

Closed-loop performance of Converter 2 with two different loading 

................ 

Power stag 
wim controlle 

................ 1'TI-r 1 
with controlle 

................ 

100, 

Fig. 13. Input filter design for Converter 1: (a) Simplified block diagram of 
Converter 1. (b) Impedance comparison at interface between input filter and 
power stage. 

1 36 ' I 
2.13 1 I 

n 7" 

0.7 

0.66 
VBC =0.7V 

0.62 1 I 

Fig. 14. Step load responses of system outputs. 

RDC 
D : duty cycle. 

: dc load of the multimodule converter, and 
the power stage ( / Z I C ~ ~ ~ ~ )  is determined by its low 
frequency value, which is directly related to the dc load 

Once 121~1~~~ is determined using RDC, an input filter can 
be designed to offer a sufficient gap between ~ Z I C ~ ~ ~ ~  and the 
maximum magnitude of its output impedance (120~ l m a x ) ,  us- 
ing standard filter design techniques. Fig. 13(b) shows the in- 
put impedance of the power module and the output impedance 
of the input filter. The upper curve is the closed-loop input 
impedance of the power stage, whose minimum magnitude 
is calculated as 76 dB from (2). The lower curve is the 

RDC[6]:  

RDC 
IZIC/mln % \ Z I C \ D C  = k- 

r i 2  D2 (2 )  

: number of modules, 
: turns ratio of the power transformer, 

where 
k 
71 
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Fig. 15. 
modules. (b) System outputs. 

Module-failure response of the system: (a) Inductor current of 

output impedance of the filter, designed to offer 13 dB margin 
between ~ZOF l m a x  and I Z I C ~ ~ ~ ~ .  The wide separation between 
the two impedances minimizes the undesirable interactions 
between the input filter and the power stage, which could result 
in the performance degradation or instability. 

VI. TRANSIENT RESPONSES OF THE STACKED POWER SYSTEM 

Fig. 14 illustrates the transient response of five outputs 
of the system, due to a step change in the load current 
through RAC (step size, IS,,, = 117 A). The maximum 
undershoot (Vmin) and settling time ( t s )  of VAC, which is the 
output of Converter 2, can be predicted from the peak value 
( I Z O J ~ ~ ~  = -65 dB) and the comer frequency (fp = 1 kHz) 
of the output impedance of Converter 2 shown in Fig. 12(b) 
[71: 

Vmin = 2.1 - I ~ T E P  x 10’Zolmax/20 = 2.034V 

= 0.48 ms. t ,  = - 
3 

2Tfp 

To avoid the shut-down of the entire power system due 
to a single point failure, each converter employs a number 
of modules in parallel. Also, to minimize the disturbance in 
the system outputs when one module fails, each converter 
employs a feedback from the output capacitor of each module. 
Fig. 1.5 illustrates the transient response of the system, due to 
the switch-open failure of the fourth module of Converter 2. 
Fig. 15(a) shows the transient response of inductor currents 
of three converters in the system. The inductor current of the 
failed module of Converter 2 (the second curve) decreases 
linearly until blocked by freewheeling diodes. The induc- 
tor current of the operational module of Converter 2 (the 
third curve) increases to supplement the load current of the 
failed module. Fig. lS(b) shows the transient responses of 
five outputs of the system. VAc, the output of Converter 2, 
experiences the maximum undershoot of 0.12 V. V-C, the 
voltage difference between the outputs of Converter 2 and 
Converter 1, is directly affected by the module failure of 
Converter 2, and exhibits essentially the same disturbance as 
VAC. 

The large-signal simulations of Figs. 14 and 1.5 reveal the 
robustness of the system against some large-signal distur- 
bances. The control system, designed for sufficient stability 
margins at one operating point, maintains the system stability 
at different operating conditions. Comprehensive large-signal 
simulations, which further demonstrate the robustness of the 
system against various changes of operating conditions, can 
be found in [8]. 

VII. CONCLUSION 
A new power conditioning architecture for mainframe com- 

puter systems is presented. The power system employs a 
stacked configuration of standard multimodule converters, and 
could generate several ultra low voltage outputs at ultra high 
current levels with higher efficiencies. 

The converter in the stacked power system has unique 
load characteristics. The ac load and dc load, which play 
two distinctive roles in designing the converter, are totally 
unrelated. Thus a clear distinction between the ac load and 
dc load is essential in designing the system. This paper 
established a design procedure for the system, which properly 
incorporates the unique load characteristics, and is simple 
enough to accommodate standard design techniques. 
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