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Fig. 2.4. Modulator waveforms of converter modules with non-identical ramp func-
tions: The ramp functions have two different slopes of S,;, and S, ,.
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Fig. 2.5. Current distribution of a three-module boost converter during a step load
response: (a) Block diagram. (b) Inductor currents of modules: R, =0.15,

D =0.5, Tg=20pSec.
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Table 2.2: Current sharing between mismatched converter modules

| Mismatched Current distribution
5 parameter
|  Inductor, L Lo =1 o
L,-L,
Ly =1pn=DTVo———  for boost, or buck/boost
LiL,
L,-L,
LL,
Capacitor, C L =1 s
I 2min ™ I 1min

CSN gains Ri !2max 12 min Ril

Ilmax Ilmin Ri2

Slope of ramp DT,
I2max—llmax -IZmin _Ilmin - -R;-S-(Sel _S.rZ)

function, S,
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2.4 EQUIVALENT SINGLE-MODULE MODEL

The dynamic performance of a multi-module converter includes stability margins,
audio-susceptibility, output impedance, and transient responses due to line and load
variations. The ultimate goal of the control design is to optimize these performance crite-

ria for given operating conditions and power stage parameters.

While a multi-module converter has a complex structure, it can be greatly simpli-
fied as far as the control design is concerned. The simplified model, referred to as an
equivalent single-module model, has the structure of a conventional single-module
converter, while preserving the dynamics of the original multi-module converter. Using
the equivalent single-module model, any control scheme developed for a single-module
converter can be directly adapted to a multi-module converter. The control design opti-
mized using the equivalent single-module model offers a multi-module converter which
matches its closed-loop performance by the equivalent single-module model. Also,
multi-module converters operating as subsystems of a large-scale power system can be
replaced with their equivalent single-module models without compromising any analysis
accuracy. The benefits of the equivalent single-module model to the analysis and design

of large-scale power systems will be demonstrated in Chapters 3 and 4.

An earlier work [A11] showed that a multi-module buck converter with a common
output capacitor can be reduced to an equivalent single-module model. The approach
taken in [A11] is based on the state space analysis which needs to include dynamics all

reactive components of the power stage. This approach was successfully adapted to a
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buck converter with separate output capacitors [B15] and a boost converter [A4]. How-
ever, this approach becomes very involved when the number of reactive components of

power stage increases, and is difficult to adapt to other topologies.

This section presents a new approach to deriving the equivalent single-module
model, which can be readily adapted to higher order multi-module systems. The new
approach combines the concept of PWM switch model [D4] with standard circuit analysis
techniques and does not require any complex analytical manipulations. Once the deriva-
tion steps are fully understood, the equivalent single-module model can be obtained, in
many cases, by an inspection. The new approach can be generalized to ZVS-FB-PWM

converters [D9] and quasi-resonant converters using an equivalent switch model [D3].

Detailed steps of deriving the equivalent single-module model are demonstrated
using a three-module boost converter. Control design procedures for a multi-module
converter using the equivalent single-module model are presented. The equivalence
between the original multi-module converter and the equivalent single-module model is

verified by both frequency- and time-domain simulations.

2.4.1 Model Derivation

Figure 2.6 shows the schematic diagram of a three-module boost converter. The
converter consists of three current-mode controlled boost modules, a common voltage
feedback compensation, Fy, and a load. Figure 2.7 shows the small-signal model of Fig.
2.6, obtained by replacing an active-passive switch pair with the PWM switch model
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Fig. 2.6. Three-module boost converter: Power stage and control parameters are

assumed to be identical for all three modules (L; =L, =L;=L).
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Fig. 2.7. Small-signal model of the system: F,, represents the modulator gain of the
PWM block, and R; is dc gain of the CSN [D8]. H,.(s) represents the sam-
pling gain of the CSN, and k; is the feedforward gain created by the CSN.
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[D3,D4], replacing the PWM and CSN blocks with their small signal models [D7,D8],
and replacing the load with its input impedance, Z,.. The parameters for the PWM

switch model and definitions of the gain blocks are given in Table 2.3.

The small-signal model of Fig. 2.7 is successively simplified to yield an equivalent

single-module model, keeping following performance criteria unchanged:

* audio-susceptibility Ay =V,/V,;

* output impedance Z, = Vollo; and

* loop gain measured at "A."

Figure 2.8(a) shows the power stagé model of the system, where the ideal trans-
former is replaced with a pair of current and voltage sources, in and v (k=1,2,3).
This model simplifies to Fig. 2.8(b) by combining the current sources, ip and
iz (k=1,2,3), and the output capacitors. Three identical voltage sources in Fig.
2.8(b), vy;, vy, and vg are combined, and subsequently v and vy; are removed to
yield Fig. 2.9(a). Figure 2.9(b) is the simplified system model, obtained by adapting Fig.

2.9(a) and replacing vy; and i, with an ideal transformer.

Since the closed-loop performance of a multi-module converter is determined by
the small-signal sources, V,, i,, and the injection signal at "A" for the loop gain mea-
surement (refer to Fig. 2.7 for definitions of these small-signal sources), the only consid-
erations in deriving a reduced model are the system response due to these small-signal
disturbance sources. In deriving a reduced-order model which preserves the closed-loop

performance of the multi-module system, d,, d,, and d; (the small-signal averaged value

Multi-Module Converter Systems 29



Table 2.3: Summary of parameters in Fig. 2.7

PWM switch R, =R.DD’

vg=(Vy+1,(D -DR, (k=1,2,3)
ip=1,d,

D:duty cycle

D'=1-D

I,: inductor current of k* module

Modulator gain of F 1
PWM M (Sn + Se )T s

S.: slope ramp function

S,: on-time slope of sensed switch current

Dc gain of CSN R; (constant)

Sampling gain of CSN 2
H(s)=1+ S +-s—

0,0, ?

2 n

Q=20 O=T

Feedforward gain of TsR;

B e —

CSN o
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Fig. 2.8. Simplification of power stage model: (a) Modified power stage model:
in=-Di,(k=1,2,3), vp=-DvV,; (b) Simplified power stage model:
ir, = ipy + iy + ipy= =D (I + {LZ +i13), I =ig +ip+ig 'IL1‘21 +IL232 +IL3‘23-
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Fig. 2.9. Simplified small-signal model of the system: (a) Further simplification of
power stage is achieved by eliminating v, and v;. (b) Simplified system
mOdel: id‘ -ILId‘l +IL2‘22 +1L3dA3, v& - (Vo +Iu(D —'D’)Rc)ak (k - 1, 2, 3).
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of the change in duty cycle of each switch) can be considered identical due to the sym-
metry of the system. As a result, three dependent voltage sources, v, vp, and vz are
the same, and the inductors/resistors of the converter modules can be combined to yield a

simplified model of Fig. 2.10(a). In Fig. 2.9(b), the output of the CSN of each module is

given by:
R
Vegr == J' vyt . 2.8)
L

Since the inductor is divided by three in Fig. 2.10(a), R; should also be divided by
three to produce the same output voltage as Eq. (2.8). With this scaling of CSN gain, F,
and k, remain the same in Figs. 2.9(b) and 2.10(a).

As the last step, the redundant voltage sources, v, and vz, together with their

associated feedback controller, are removed, resulting in the equivalent single-module

model of Fig. 2.10(b).

2.4.2 Control Design Procedure

The equivalent single-module model allows design of the control loop of a multi-
module converter to be same as for a conventional single-module converter:
1. Design R;, using the equivalent single-module model. The switch current of the

single-module model is the sum of switch currents of individual modules. Multiply
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Fig. 2.10. Equivalent single-module model: (a) Further simplification using
d,=d,=d,. (b) Equivalent single-module model: L, =L/3, R. =R./3,
C.=3C, R.=RJ3 Ve =(Vo+1(D-D ,)Rce)ae’ Ipo =1 +1, +1p5,
lg = ILeéea R, =R/3.
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the resulting gain by the number of modules to obtain R, for individual module.
This CSN gain scaling compensates for the difference of switch currents between

the equivalent single-module model and the original multi-module system.

2. Select the slope of the external ramp for a desired modulator gain [D8], using the
single-module model. The result is directly applicable to the multi-module conver-

ter.

3. Design the voltage feedback compensation, Fy, using the single-module model. The

standard design techniques developed for single-module converters [D1,D2] can be
used to optimize the closed-loop performance. The result is also directly applicable

to the multi-module converter.

This design procedure produces a multi-module converter which matches its
closed-loop performance by the equivalent single-module model. Figure 2.11 shows the
performance of the three-module converter in comparison with that of the equivalent
single-module model. The exact agreement in the transfer functions verifies the model-
ing results and design procedures. The power stage and control parameters of the three-

module converter are summarized in Table 2.4.

Figure 2.12 shows the time-domain counterpart of the equivalent single-module
model of Fig. 2.10(b). This model produces the same transient responses as the three-
module converter. Figure 2.13 compares the step load response of the three-module con-

verter and that of the (time-domain) equivalent single-module model of Fig. 2.12. The
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Fig. 2.11.

Small-signal performance of the three-module system: (a) Output

impedance. (b) Loop gain: The exact agreement in the transfer functions ver-
ifies the modeling results and design procedures.
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Table 2.4: Parameters of the three-module boost converter

Power stage parameters |V, = 24V, V, =48V

L=15pF
C=133pF, R.=60mQ

Load Resistive load of 1 Q

Control parameters |T, =20us, S, =153600, R,=0.15

_ 6300(1 +5/8944)
Y s(1 +5/50000)
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Fig. 2.12. Equivalent single- ule model: This model generates the same transient
response as the three-module converter. The dc gain of CSN is one-third of
CSN gain of the three-module converter.
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Fig. 2.13. Transient response of the output voltage due to the step load change from
48 A to 60 A: (a) Three-module system. (b) Equivalent single-module
model: Transient response confirms that the equivalent single-module model
preserves time-domain characteristics as well.
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exact agreement in transient response of the output voltage confirms that the equivalent
single-module model preserves both frequency- and time-domain performance of the

multi-module converter.

2.4.3 Model Sensitivity

Parallel modules are usually non-identical due to finite tolerances of components.
Thus it is necessary to investigate the sensitivity of the equivalent single-module model

to the variation of power stage parameters and operating conditions of parallel modules.

Figures 2.14 and 2.15 show the closed-loop performance of four different three-
module boost converters. While Converter 1 has identical modules, Converters 2, 3,
and 4 have mismatched modules. Power stage parameters and inductor currents of these
converters are summarized in Table 2.5. For Converter 1, the equivalent single-module
model of Fig. 2.10(b) is used for frequency-domain simulations. For Converters 2, 3,

and 4, the original multi-module model of Fig. 2.7 is used for computer simulations.

As shown in Figs. 2.14 and 2.15, the converters do not show any significant differ-
ence in closed-loop performance even though the power stage parameters and operating
conditions are mismatched up to 20 %. The equivalent single-module_model is highly
robust against the mismatch of modules, and it provides a high accuracy for most practi-

cal applications.
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Fig. 2.14. Closed-loop performance of four different three-module boost converters:
(a) Audio-susceptibility. (b) Output impedance.
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Fig. 2.15. Loop gain of four different three-module boost converters: (a) Gain. (b)
Phase.
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Table 2.5: Parameters of the three-module boost converters
used in Figs. 2.14 and 2.15

Converter 1 L=15pH C=133uF R =0.06Q I, =164

for all modules

Converter 2 Module 1: L = 1SpH C=133puF R =006 I, =16A

Module 2:L =12pH C=133uF R.=006Q I, =164
Module 3:L = 12pH C =133 uF R.=006Q I, =164

Converter 3 Module 1: L = 15pH C=133uF R.=006Q I, =164

Module 2:L =15pH C=151pF R.=005Q I, =164
Module 3:L =15pH C=151pF R =005Q I, =164

Converter 4 Module 1: L = 15puH C=133uF R =0.06Q I, =192A

Module 2:L = 1SpH C =133uF R.=0.06Q I, =14.4A

Module 3: L = 15pH C =133uF R =0.06Q I, =14.4A
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2.5 THREE-LOOP CONTROL

Many multi-module converters have applications that require very low output-
voltage ripple and high-frequency noise. The high-speed VLSI circuitry often requires a
supply voltage of 1~2 V, with less than 5 mV of switching ripple and noise. Since a
single-stage filter is impractical to meet these requirements, a secondary LC filter is
often employed between the output of converter modules and the load. Reference [ES]

has provided guidelines to design an efficient secondary LC filter.

Unfortunately, a secondary LC filter introduces an additional resonance which
could result in instability problem. The conventional two-loop current-mode control does
not offer any means of controlling the sec;mdary filter resonance. To ensure the stability
at the presence of the secondary LC filter, a two-loop controlled system must sacrifice
the closed-loop performance. The limitations of a two-loop controlled system are most
pronounced in the transient response in the event of failure of a converter module (re- °
ferred to as the module-failure response), which is a critical performance criterion for
multi-module redundant system. To obtain the full benefits of the redundant modular
approach, it is necessary to compensate for detrimental effects of the secondary filter res-
onance with an appropriate control scheme. Otherwise, the failure of a module might
cause an excessive undershoot/overshoot in the output voltage, resulting in interruptions

of the equipment downstream.

This section proposes a three-loop control scheme for multi-module converters with
a secondary LC filter. In addition to output voltage and inductor current feedback, the

control scheme employs feedback from the output capacitor of each module (referred to
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as the local voltage feedback signal) to compensate for the detrimental effects of the sec- /

ondary filter resonance. As will be discussed in Section 2.5.2, the local voltage feedback

uses the local voltage feedback as an integral part of the controller to eliminate any
design constraints imposed by the secondary LC filter. As a result, the three-loop con-
trol minimizes the complexity and does not require exact knowledge of the secondary fil-

ter resonant frequency, while providing a much enhanced performance.

2.5.1 Limitations of Two-Loop Current-Mode Controls

Before proceeding with discussion of a three-loop control scheme, it is useful to
examine the limitations of the conventional two-loop current-mode control. Figure 2.16
shows a schematic diagram of a three-module buck converter with two-loop control. The
system consists of three current-mode controlled buck modules, a common secondary
LC filter (L, and C;), and an output voltage feedback circuit, Fp. Each module consists
of a buck power stage operating at 100 kHz, a PWM block, and a CSN for the inductor

current (on-time switch current) feedback..

Figure 2.17 shows the equivalent single-module model for Fig. 2.16, obtained by
following the procedures established in Section 2.4.1. In this small-signal model, an
additional current source, _ i s> is included to define a new Performance ‘criterion)to charac-

terize the module-failure response. The disturbance in the output current due to the fail-

ure of a converter module is represented by a current source at the summing junction. A
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Fig. 2.16. Three-module buck converter with 11(31139‘9_Mg_ygg'eng-xg_ngglg_:w control:
L1-24HH, Lz"lpH, C1'867|.|F, CZ-IZO(XJ“F, RC]"ZImQ,
R, =6mQ, R=005Q, Vo=12V, V,=5V.
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Fig. 2.17. Equivalent single-module model for Fig. 2.16: L', =L,/3, R'c; =R.,/3,
C'l - 3C1, R," "R,’/S.
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transfer function called trans-impedance, defined as Zym gl , Tepresents the output

voltage response due to the current disturbance at the summing junction. The trans-

impedance is a useful tool for characterizing and improving module-failure response.
The other performance criteria include audio-susceptibility, Ay =Vg/,, output
impedance, Z, = Vg/i,, loop gain measured at "A" (overall loop gain), and loop gain

measured at "B" (outer loop gain).

Reference [ES] provided design procedures for two-loop current-mode control for a
single-module converter with a secondary LC filter. These procedures can be directly
adapted to the multi-module converter using the equivalent single-module model of Fig.
2.17. However, as will be shown in this section, the two-loop control scheme does not
offer any means of controlling the secondary filter resonance, and the system must com-

promise the closed-loop performance to achieve adequate stability margins.

Overall Loop Gain

The limitations of a two-loop control can be best demonstrated using the overall
loop gain. The overall loop gain, T, is given by a vector sum of two individual feed-

back loops [D2]:

T\ =T,+T,
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where T, is the feedback path created by the inductor current feedback and 7, is the

feedback path created by the output voltage feedback.

Figure 2.18(a) shows the asymptotic plot of the overall loop gain of a two-loop con-
trolled system. 7, has a —90" phase lag at high frequencies, and T; experiences a rapid
phase change from -180" to -360" around the resonant frequency of the secondary LC
filter, f,; in Fig. 2.18(a). Thus at f,;, the phases of T; and T are —180" apart and the

overall loop gain shows a dip, as illustrated in Fig. 2.18(b).

The dip in the overall loop gain produces a high-frequency peaking in closed-loop
transfer functions of the system, as will be discussed in Section 2.5.2. If T is increased
to improve the system performance, the dip becomes deeper resulting in a severe peak-
ing. When T is further increased until its magnitude at f,; is the same as that of 7},
the dip is infinite and the system becomes unstable. To avoid an excessive dip or
instability, the frequency where |T)| =|T;| (denoted as f, in Fig 2.18 (a)) must occur
well below the secondary filter resonance. This is a demanding constraint on control

design and prevents a further improvement of the system performance.

Outer Loop Gain

The limitations of the two-loop control can also be explained using the outer loop

gain. The outer loop gain, T, is given by a ratio of two individual feedback loops [D2]:
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Fig. 2.18. Overall loop gain of \&9:@ controlled system: (a) Asymptotic plot. (b)
Actual loop gain: A dip occurs at the second filter resonance.
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-1+T1

T,

Figure 2.19 shows the outer loop gain of the system. The resonance between L,

and C, (f,; in Figs. 2.18(a) and 2.19(a)) is apparent in the loop gain, imposing direct
constraints on the control loop design. Since this resonance causes an additional phase
delay of 180°, the zero dB crossover of the loop gain, f,, should occur well before the
resonant frequency to ensure an adequate phase margin. Any further increase in the feed-
back gains to improve the closed-loop performance pushes the crossover frequency
toward the resonant frequency and rapidly reduces the phase margin. This is consistent
with the results of the overall loop gain analysis. Since the crossover frequency of T,
occurs the frequency where |T;| =|Ty|, the stability criterion of f, >>f,; applies for

both T, and T.

Instability Due to the Secondary Filter Resonance

Figure 2.20 shows the loop gains of a two-loop controlled system whose voltage
feedback gain is large enough to violate the condition for stability: f, > f; for this case.
As shown in Fig. 2.20, both the overall loop gain and the outer loop gain apparently
reveal instability. If there is no secondary LC filter, however, this design would provide
a high performance without any instability problem. This clearly shows the need for a
new control scheme which could provide both high performance and stability at the pres-

ence of the secondary LC filter.
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Fig. 2.19. Outer loop gain of two-loop controlled system: (a) Gain. (b) Phase: The
resonance between L, and C’; is apparent in the loop gain. For stability,
the crossover should occur well before the resonant frequency.
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Fig. 2.20. Instability due to the secondary LC filter: (a) Overall loop gain. (b) Outer

loop gain.
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Audio-Susceptibility, Trans-Impedance, and Module-Failure Response

Figure 2.21 shows closed-loop transfer functions of a properly designed two-loop
controlled system. The audio-susceptibility (Fig. 2.21(a)) and trans-impedance (Fig.
2.21(b)) exhibit a peaking at high frequencies. This peaking is a result of the dip in the
overall loop gain due to the secondary filter resonance, and it is inherent in two-loop
control. The peaking in the audio-susceptibility degrades the input-to-output noise rejec-
tion characteristics. The peaking in the trans-impedance degrades the module-failure
response of the system. The peak value of the trans-impedance is directly related to the

maximum undershoot of the output voltage.

To evaluate the module-failure respt;nse of the converter, time-domain simulations
are performed assuming the switch of the third module (Q; in Fig. 2.16) is stuck in the
open circuit position at 0.2 mSec, and the failed module remains in the system with its
switch open. Figure 2.22 shows the transient responses of the inductor currents of paral-
lel modules and the output voltage. The inductor current of the failed module (Fig.
2.22(a)) decreases linearly until blocked by the freewheeling diode. The inductor
currents of the operational modules (Fig. 2.22(b)) increase to supplement the load current
of the failed module. Figure 2.22(c) shows the transient response of the output voltage.
The output voltage exhibits an oscillatory behavior with a relatively large maximum
undershoot of 0.33 V, due to the high-frequency peaking observed in the trans-
impedance of Fig. 2.21(b).
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Fig. 2.21. Performance of two-loop controlled system: (a) Audio-susceptibility. (b)

Trans-impedance: A peaking is apparent due to the resonance between con-
verter modules and the secondary LC filter.
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Fig. 2.22. Module-failure response of the two-loop controlled system: (a) Inductor
current of failed module. (b) Inductor current of operational modules. (c)
Output voltage: The output voltage shows a relatively large undershoot and
an oscillatory behavior, reflecting the effects of the peaking in the trans-
impedance.
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2.5.2 Principles of Three-Loop Control

The three loop control scheme minimizes the detrimental effects of the secondary
LC filter by employing an additional feedback from the output capacitor of each module.
Figure 2.23 shows a three-module buck converter with the proposed three-loop control.
In addition to CSN, each module has F, for the voltage feedback from its output capaci-
tor. The inner feedback from the output capacitor of each module is defined as the local
voltage feedback, and the outer feedback from the output voltage of the converter is
defined as the remote voltage feedback. Figure 2.24 shows the equivalent single-module
model for Fig. 2.23. Using this model, the principles of the three-loop control are dis-
cussed with the emphasis on the use of local voltage feedback to improve closed-loop

performance.

Open-Loop Analysis

To develop a three-loop control scheme, it is necessary to investigate the open-loop
characteristics of the power stage. Transfer functions from the control variable, d, to
various feedback signals can be derived from the equivalent single-module model of Fig.

2.24:

Vg Vo[l +sC'R'¢;][1 +5CR,]

F,w—w~
7 d [1+5(CRey +L'R) +5L",Co)[1 +5C'y(R'c; +Rez) +52L,C'1]

,» (2.9)
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Fig. 2.23. Three-module buck converter with proposed ftﬁ;eeglog;i) control: Power
stage parameters are identical to those of Fig. 2.16.
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v, _ Vo[l +5C' R'c;1[1 + (LR + CoRc) + 5L,C5)
g- [1 + S(Cchg +L'1/R) + SzL ’1C2] [1 + SCII(R ’CI +Rc2) + 52L2C’1]

F,= , (2.10)

i _ Vo[l +sCR]
d " R[1+5(CRc, +L'yR) +5°L",C;]°

Fy= (2.11)

with assumptions that L';»L,, C,»C';, and R ®»R'c;, R.,. The conditions of

L';»L, C,»C’; not only make the analysis tractable but also are a good design prac-
tice. Being a combination of output filter inductor of converter module, L,’ is consider-
ably larger than L, for most practical designs. The condition of L,’»L, ensures an
acceptable current ripple at the summing junction, and it allows the control-to-inductor
current transfer function to be reduced to a second order. With C,»C’;, the system

maintains adequate stability margins with capacitive loadings [ES].

Figure 2.25(a) shows the asymptotic plots of the power stage transfer functions.
The control-to-inductor current transfer function, fL/ﬁ, is the same as that of the conver-
ter with a single-stage output filter of L’; and C,. The control-to-remote voltage trans-
fer function, Vp/d, has two resonances: the first between L', and C, (f.;), and the
second between L, and C’; (f,;). In the control-to-local voltage transfer function, v,/d,
there are the additional complex zeros determined by L, and C, (f,,) besides the two
resonances found previously. Due to these complex zeros, the transfer function has
larger mid-band gain, and it can be used to overcome the drawbacks found in the two-

loop controlled system.
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Fig. 2.25. Transfer functions from the duty cycle to various feedback signals: (a)
Asymptotic plots. (b) Simulation results using the equivalent single-
module model of Fig. 2.24.
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Figure 2.25(b) shows the power stage transfer functions, obtained from computer
simulations using the equivalent single-module model of Fig 2.24. The general shape
and comner frequencies of the transfer functions are in good agreement with analytical

predictions of Egs. (2.9), (2.10), and (2.11).

Figure 2.26 shows the block diagram representation of the equivalent single-module
model of Fig. 2.24. Gain blocks F, through F,, represent various open-loop transfer
functions of the power stage. Figure 2.2'? illustrates the principle of the three-loop con-
trol in comparison with a two-loop control. The current loop, 7;, local loop, T;, and
remote loop, 7, represent the individual feedback loops associated with feedback

signals:

T;=FyF,R'H(s) (2.12)
T, =F,FF, (2.13)
Iy =F,FF, (2.14)

For the two-loop control, the remote loop is designed to be dominant at low fre-
quencies for a good dc regulation, and the current loop is designed to be dominant at
high frequencies to obtain the full benefits of current-mode control [D2]. The increase in

current loop gain beyond half the switching frequency is the result of the sampling action

Multi-Module Converter Systems 62



o * F,
iy R
Ol.\ L F2 1 + I+ VR
o° . a +
F4
¢ Fe VN :/L
L 4 F7 +
® | Fq
FQ
F1Q VENy ?L
F1‘| *
‘ F12
R,i -
d B X

Fig. 2.26. Block diagram representation of the equivalent single-module model of
Fig. 2.24: Gain blocks F, through F,, represent various open-loop transfer
functions of the power stage, and the other blocks are feedback compensa-
tions and small-signal models of the controller.
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of the current-mode control [D7].

For the three-loop control, the remote loop is designed to be dominant at low fre-
quencies, and the current loop is designed to be dominant at high frequencies, as is the
case for two-loop control. In the mid-frequency band, however, the local loop is
designed to prevail over the remote and current loops in order to nullify the detrimental
effects of the resonance between L, and C’,. The benefits of the local loop will be

detailed in the next section.

ects o cal V ¢ Feed

From the small-signal block diagram of Fig. 2.26, the audio-susceptibility, the
trans-impedance, and the output impedance of the three-loop controlled system can be

derived as:

. F1+T,(F F’)+TL(F1-f’E) i
v= 147,47, + Ty ’ (2.15)
F F. FF,
7 F2+I}(F2 )+TL(F2"'_) 216
= 1+T,+TL+TR ’ (2.16)
FF,
Fn{ i) nn )
Z,- . (2.17)

1+T,+TL+TR
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From the buck power stage model of Fig 2.24, it can be shown:

Fl Fs Fg D Fs Fz SL'I

which reduces Eqgs. (2.15) and (2.16) to:
A Fy (2.19)
U-1+TI+TL+TR’ )
FioFy
F2 + TI(FZ - F_lzl)
(2.20)

Zr= 14T+, +Tx

The benefits of the local voltage feedback can be easily seen from Egs. (2.19) and
(2.20). The local loop directly improves the audio-susceptibility and trans-impedance,
since T, appears only in the denominators. However, in the output impedance of Eq.
(2.17), T, appears in both numerator and denominator. Thus its effect is not as signifi-
cant as in the previous cases. The performance criteria of a two-loop controlled system

can be directly derived from Egs. (2.17), (2.19), and (2.20) by ignoring 7.

The effects of the local loop on the trans-impedance, given by Eq. (2.20), are
illustrated in Fig. 2.28. The numerator of the trans-impedance has two resonances: the
first between L’; and C,, and the second between L, and C’; (the middle curve in
Figs. 2.28(a) and 2.28(b)). For the two-loop control case, the denominator of the trans-
impedance (the upper curve in Fig. 2.28(a) which corresponds to the dotted line in Fig

2.27(a)) contains only the first resonance. Thus while the first resonance does not appear
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Fig. 2.28. Effects of local voltage feedback on the trans-impedance: (a) Two-loop
control. (b) Three-loop control: Unlike the two-loop control, the three-loop
control eliminates both low- and high-frequency resonances.
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in the trans-impedance due to the cancelling between the numerator and denominator,
the second resonance is still apparent. Furthermore, the dip in the denominator further

amplifies the resonant peak, resulting in a high-frequency peaking.

On the other hand, for the three-loop control case, the denominator of the trans-
impedance (the upper curve in Fig. 2.28(b) which corresponds to the dotted line in Fig.
2.27(b)) contains both the first and the second resonances. Consequently, both the first
and the second resonances are cancelled, resulting in a much improved trans-impedance.
The enhanced trans-impedance significantly improves the module-failure response, as

will be demonstrated in Section 2.5.3.

The benefits of the local loop on the audio-susceptibility can be explained in a way

similar to the case of the trans-impedance, and they are illustrated in Fig. 2.29.

Figure 2.30 shows the effects of the local loop on the outer loop gain. The outer

loop gain measured at "B" in Fig. 2.26 can be derived as:

Ty

T2-1+TI+TL

(2.21)

As in the case of the trans-impedance and audio-susceptibility, the numerator of the
loop gain (the dotted line in Figs 2.30(a) and (b)) contains two resonances. For two-loop
control (Fig. 2.30(a)), the denominator of the loop gain (the middle curve in Fig. 2.30(a))
contains only the first resonance. Consequently, the first resonance does not appear in
the loop gain, but the second resonance is apparent in the loop gain. Since this reso-

nance causes a —180° phase delay, the crossover of the loop gain should occur well
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Fig. 2.29. Effects of local voltage feedback on the aud;p“%gggepgbmjy (a) Two-loop \/
control. (b) Three-loop control: Unlike the two-loop control, the three-loop
control eliminates both low- and high-frequency resonances, resulting in a
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Fig. 2.30. Effects of local voltage feedback on the outer loop gain: (a) Two-loop con-
trol. (b) Three-loop control: The three-loop control minimizes any detrimen-
tal effects of the secondary LC filter on the loop gain.
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before the second resonant frequency. On the other hand, for three-loop control (Fig.
2.30(b)), the denominator of the loop gain (the middle curve in Fig. 2.30(b)) contains
both the first and the second resonance. In this case, both the first and the second reso-
nances do not appear in the loop gain, and the secondary LC filter does not impose any

direct constraint on the control design.

Depending on the control scheme, the crossover frequency of the outer loop gain
has different implications. The crossover frequency of the two-loop control occurs when
|T)| =|Tz| and the crossover frequency of the three loop control occurs when
| T; + T,| =|Tg|. Thus although the three-loop controlled system offers a much enhanced
closed-loop performance, it shows a much reduced crossover frequency of the outer loop

gain.

Figure 2.31 shows the loop gains of the three-loop controlled system in comparison
with those of a two-loop controlled system. Note that the compensations for two-loop
control is tailored to offer the same overall loop gain characteristics as those of the three-
loop control at both low and high frequencies. While the three-loop control offers both
high feedback gain and stability, the two-loop controlled system reveals instability in
both overall loop gain and outer loop gain. This demonstrates the benefits of the local

voltage feedback and the superiority of the three-loop control.
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Fig. 2.31. Comparison with two-loop control: (a) Overall loop gain. (b) Outer loop

gain.
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Feedback Compensation for Three-Loop Control

The feedback compensation for a three loop control, together with design guide-

lines using the equivalent single-module model, is given as follows:

Current sensing network gain, R',, and modulator gain, F,,.

For the full benefits of current mode control, R’; and F,, should be selected to

provide a sufficiently high crossover frequency for 7;. Since the control-to-inductor
current transfer function is the same as that of the converter with a single-stage output fil-
ter, 7; can be optimized independently from the high frequency resonance. The equiva-

lent current sensing network gain for the k-module system is R; =k R’;.

_ Kk

Local voltage feedback compensation: F, = (1 +5/m,)"

K; should be selected to provide sufficient mid-frequency gain of 7;, while main-

taining the dominance of the current loop at high frequencies. A pole, w,, is placed

after the resonance between L, and C'; to reduce the high-frequency gain.
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Remote voltage feedback compensation: Fy -% .

An integrator is employed to provide good dc regulation of the output voltage. The
integrator gain, K, determines the low-frequency attenuation of the closed-loop transfer

functions.

2.5.3 Performance of Three-Loop Controlled Systems

Figures 2.32 through 2.35 show various performance criteria of the three-loop con-
trolled system in comparison with those of a two-loop controlled system. The compensa-

tion parameters for three-loop control are given in Table 2.5.

The three-loop control provides significant improvements in the system perform-
ance. The peaking in audio-susceptibility (Fig. 2.32(a)) and trans-impedance (Fig.
2.32(b)) is eliminated, and the low- and mid-frequency gains of the transfer functions are
reduced. In particular, for the case of the module failure (Fig. 2.33(b)), the maximum
undershoot of the output voltage is reduced to 0.16 V. By comparing Figs. 2.33(a) and
2.33(b), the effects of the local voltage feedback on the module-failure response can be
best understood. By eliminating the peaking in trans-impedance, the three-loop control

offers a much smaller undershoot and a faster response.

As shown in Fig. 2.34, the outer loop gain of the three-loop controlled system is

not affected by the resonance between L, and C';, and it maintains the phase delay of
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Fig. 2.32. Performance of the three-loop controlled converter: (a) Audio-
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Fig. 2.33. Performance of the three-loop controlled system: (a) Trans-impedance.
(b) Module-failure response: By eliminating the peaking in the trans-
impedance, the three-loop control offers a much improved module-failure

response.
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Fig. 2.34. Outer loop gain of the three-loop controlled system: (a) Gain. (b) Phase.
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-90° up to the crossover frequency. This allows a significant improvement in the
closed-loop performance, maintaining a larger phase margin than for two-loop control.
Finally, Fig. 2.35(a) compares the output impedances of the two systems. While the
local voltage feedback does not significantly affect the output impedance at high frequen-
cies, it improves the low- frequency characteristics. Figure 2.35(b) compares the tran-
sient response of the output voltage due to the step load change from 100 A to 67 A. As
predicted from Fig. 2.35(a), the three-loop controlled system shows a much faster

response with the higher corner frequency of the output impedance.

To summarize this section, comparisons between two-loop control and three-loop

control schemes are given in Table 2.5.
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Fig. 2.35. Performance of the three-loop controlled system: (a) Output impedance.

(b) Transient response of the output voltage due to the step load change
100 A to 67 A.
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Table 2.5 : Summary of two control schemes

Individual loop gains

Two-l00p | T, = F\F, R H,s) R; =0.548 Y.
control U 14T+ Ty
TL - 0 FL = 0
- 58182(1 +5/2753 Fyof.
e Y- Fy+T{F -7
: ' 21 31,41,
F\,F,
Fy+ T,(F3 -
Zo 1+ TI + TR
| Three-loop | 7, F,F,R'H,(s) R;=0.548 B F,
U
control T, = F, FF, F 40 147,47, + T,
L™ o Paoan,
(1 +5/23900)
Ta=FubiFa F+T{F-72)
F _ 116400 Zr= 1+T,+ T, + T,
L
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2
Fy =0.293, H,(s)-1+;'5+i3,

For both two-loop and three loop controls:

Q=-2/n, w=nx10’




2.6 SUMMARY

This chapter established two major modeling and control techniques for multi-
module converter systems: a new procedure to obtain an equivalent single-module model,
and an advanced three-loop control scheme. The results of this chapter constitute
underlying bases for the analysis and design of more complex power systems covered in

Chapters 3 and 4.

The new approach to deriving an equivalent single-module model relies on the con-
cept of PWM switch model and standard circuit analysis techniques. The approach can
be readily adapted to a wide class of multi-module converters including resonant
converters, and does not require any complex analytical manipulation. Once the deriva-
tion steps are fully understood, the equivalent single-module model can be obtained, in

many cases, by an inspection.

It is not surprising that the equivalent single-module model produces the exactly
same performance as the original multi-module system. A multi-module converter is a
non-minimal order system due to the symmetry in its structure. A non-minimal system
can be reduced to a minimal order system, the equivalent single-module model, keeping
all input-to-output characteristics unchanged. The performance criteria of a converter,
such as audio-susceptibility, output impedance, and transient responses due to line and
load variations, are the input-to-output characteristics. Thus the equivalent single-
module model retains all dynamics necessary to design the controller and produces the

same performance criteria as the multi-module system.
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The secondary LC filter, widely used in low-voltage applications, introduces an
additional resonance, which adversely affects the closed-loop performance of a multi-
module converter. A two-loop current-mode control does not offer any means of control-
ling this resonance, and the result could be poor module-failure response and
small-signal performance. To overcome the limitations of the two-loop control, a
three-loop control scheme is proposed for multi-module converters with a secondary LC
filter. The basic idea of the three-loop control is to compensate for the detrimental effects
of the secondary filter using the local voltage feedback signal which carries all informa-
tion about the secondary filter resonance. The three-loop control offers significant
improvements in module-failure response and other performance criteria without
compromising any stability criteria. The structure of and the design procedures for three-
loop compensation are no more complicated than those of a two-loop control, while pro-

viding a much enhanced performance.
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CHAPTER 3

STACKED POWER SYSTEMS

3.1 INTRODUCTION

Stacked power systems denote a class of power conditioning architectures which
employ a stacked configuration of several single-output converters to power multiple
loads. To illustrate the concept of the stacked power system, Fig. 3.1 compares two dif-
ferent approaches to the same multiple-output application. In Fig. 3.1(a), the power con-
version is performed by two stand-alone converters. In Fig. 3.1(b), Converter 1 and
Converter 2 are stacked together and collectively meet the same requirements. In this
stacked power system, R, receives the load current from both Converter 1 and Converter
2, and R, utilizes the voltage difference between the output of Converter 2 and the out-

put of Converter 1 to obtain an output voltage of 0.7 V.

The stacked power architecture offers two major advantages in low-voltage high-
current applications. The first is a significant improvement in the overall efficiency. In
Fig. 3.1(a), 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 architec-
ture of Fig. 3.1(b), each converter delivers 200 A of current for the same load require-
ments. The loss associated with the voltage drop in the diode (0.4 V) and the load current

of two converters (400 A) is 160 W, only 67 % of the power loss of the previous case.
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Fig. 3.1. Two different approaches to the same application: (a) Two stand-alone

converters. (b) Stacked power system.
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The second benefit of stacked architecture is the generation of an arbitrary low-
voltage output using the voltage difference between outputs of two converters. Recently,
the stacked architecture has been successfully adapted to mainframe computer power
systems [C2,C4], which must provide several ultra low-voltage outputs at ultra high-

current levels.

The primary concern in designing a stacked power system is to characterize various
dynamic interactions among stacked converters and to incorporate their impacts into the
control. Any design attempt not furnished with this prerequisite would result in a system
with unacceptable dynamics. Based on a comprehensive system level analysis, this
chapter presents systematic design procedures for stacked power systems which naturally
incorporate all subsystem interactions anci optinﬁze the overall performance of the entire

system.

Section 3.2 discusses structural considerations for stacked power systems. Con-
straints on the system architecture are explained in terms of voltage and current require-
ments of the loads. A general approach to constructing a stacked configuration for a
given load profile is presented. Section 3.3 addresses load characteristics of a converter
in a stacked power system, focusing on their impacts on the control design. The concept
of ac load and dc load is established to allow a stacked power system to be decomposed
into individual converters. A design strategy to optimize the overall performance of the
entire system is developed. Section 3.4 presents the analysis and design of the stacked
power system developed for the IBM390 mainframe computer. This section details all
analysis and design issues necessary to optimize the dynamic performance of a practical

stacked power system.
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3.2 CONSTRUCTION OF STACKED POWER SYSTEMS

To construct a feasible stacked power architecture for a given load profile, both
voltage and current distributions among loads must be considered simultaneously. KVL
applied to load voltages determines the lower limit of the number of converters to be

stacked, and the current distribution among loads determines the structure of the system.

Figure 3.2 shows the current and voltage distributions in a three-stage stacked

power system. Assuming V3>V, > V,, KVL requires the conditions:

Voc=Vac—Vas CRY
Veo=Vap—Vac (3.3)

Also, the condition of a unidirectional power processing in each converter requires:

]AB >IBC+IBD (3'4)

Ipc + Ly > (3.5)

If the voltage and current profile of six loads satisfies Egs. (3.1) through (3.5), only
three converters are necessary to form a stacked configuration. Otherwise, a larger num-
ber of converters (>3) are necessary to form a feasible configuration. The observations
made in this example can be generalized as follows, in order to determine the lower limit

of the number of converters:

N.=N,-N, (3.6)
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where

N¢: minimum number of converters,

N,: number of loads, and
Np: number of loads whose voltages can be obtained subtracting voltages of other

two loads.

Equation (3.6) can be combined with the condition of unidirectional power process-

ing to construct a feasible stacked configuration.

Example 1:

Load profile:
load 1 : 100 A of current at 1.0 V output,
load 2 : 250 A of current at 2.0 V output,
load 3 : 300 A of current at 3.0 V output,
load 4 : 400 A of current at 4.0 V output, and
load 5 : 500 A of current at 5.0 V output.

By applying Eq. (3.6) to the given load profile, the minimum number of converters
is found to be three. Figure 3.3(a) shows a stacked configuration using three converters.
However, this configuration is not feasible since Converter 1 violates the condition of
unidirectional power processing; the current of Converter 1 is flowing in the opposite
direction. Figure 3.3(b) shows a feasible configuration using the minimum number of

converters for the given load profile.
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Fig. 3.3. Feasible and non-feasible stacked configurations: (a) Non-feasible configu-
ration: Converter 1 violates the condition of unidirectional power processing
since its current is flowing in the opposite direction.
configuration: The system provides five outputs using three converters.
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Example 2:

Load profile:
load 1 : 300 A of current at 1.3 V output,
load 2 : 200 A of current at 2.2 V output, and
load 3 : 100 A of current at 3.1 V output.

Figure 3.4(a) shows a stacked configuration using three converters. This configura-

tion significantly improves the overall efficiency, as discussed in Section 3.1.

Example 3:

Load profile:
load 1: 100 A of current at 1.3 V output,
load 2 : 200 A of current at 2.2 V output, and
load 3 : 300 A of current at 3.1 V output.

Figure 3.4(b) shows the only feasible configuration for the given load profile.
However, this configuration does not realize any benefits of the stacked system architec-

ture.
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Fig. 3.4. Feasible stacked configurations.
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3.3 LOAD DYNAMICS AND DESIGN STRATEGY

A converter operating as a subsystem of a stacked power system has unique load
characteristics which keenly contrast with those of a stand-alone converter. This section
addresses these unique load characteristics, focusing on their impacts on the analysis and

design of stacked power systems.

3.3.1 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, Z,.. 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, Rp. 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 feedback controller [B12,B19].

With the exception of a single converter with a purely resistive load, Z,- and Rp

should be considered separately. For a conventional converter, however, R is identi-
cal to the magnitude of Z,c evaluated at zero frequency (| Z,c| . ), since the power drawn
from the converter should be the same as the power consumed at the load. Figure 3.5
compares |Z,c| and Ry of a converter driving another converter through an intermedi-
ate filter stage. While |Z,;| and Rjc are quite different at mid- and high-frequencies,

two curves converge at low-frequencies.
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Fig. 3.5. Comparison between |Z,.| and Rp:: (a) Converter driving another con-
verter through an intermediate filter. (b) Comparison between |Z,-| and

Rpct |Z,c| and Rpe converge at low frequencies since the power drawn from
the converter should be the same as the power consumed at the load.
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In a stacked power system, a converter sees a complex load consisting not only of
load resistors but also of the other converters in the system. In Fig. 3.6(a), the multiple-
sourced power system of Fig. 3.1(b) is rearranged to illustrate the load characteristics of
Converter 1. Since the load of Converter 1 contains Converter 2 as well as load resistors,
the power drawn from Converter 1 is not the same as the power consumed at its effective
load. Thus Rpc of the converter is not directly related with |Z,c| .. Figure 3.6(b) com-
pares the dc load of Converter 1, Rp- = 1.4/200 = 7m 2, with its ac load Z,.:

Zye =R, || R+ Zoy) (3.7)

where Zgy,, represents the output impedance of Converter 2 (detailed discussions about

the output impedance of a converter will be given in Section 3.4). In contrast to the pre-
vious case, |Z,c| of Converter 1 is entirely different from Ry for all frequencies. Due
to this unique feature, a clear distinction between Rp- and Z,. is essential in the

analysis and design of a stacked power system.

3.3.2 System Decomposition Using ac Load and dc Load

In many practical applications, the size and complexity of a stacked power system
do not allow the system to be designed as a whole. To make the design problem more
tractable, it is essential to decompose the system into several smaller subsystems. An
obvious approach to decomposing the system is to divide the system into individual con-

verters. This reduces the design problem of a complex stacked power system to that of
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individual converters. In this decomposition process, interactions among converters
must be incorporated. Otherwise, even though each converter might be properly
designed for stand-alone operation, the overall performance of the entire system could be

very poor when converters are stacked together.

The role of Z,. and Rp. in the decomposition of a stacked power system is

self-evident. Z,. reflects all interactions among system components and fully character-
izes the dynamics of the effective load. Ry is an integral part of the power stage param-
eters [D3,D4] and determines the open-loop dynamics of the power stage. Thus once
Z,c and Rpc of each converter are identified, a stacked power system can be decoupled
into individual converters. Figure 3.7 shows the stacked power system of Fig. 3.1(b)

decomposed into two individual converters using Z,c and Rpc of each converter.

3.3.3 Design Approach

Once the system is decomposed into individual converters, the control of
decoupled converters can be optimized using their respective Z,. and Rp.. This
approach automatically incorporates all subsystem interactions and optimizes the
closed-loop performance of the integrated system.

Z,c of the decoupled converter is a complex frequency-dependent quantity. Thus a

systematic analysis of Z,. is necessary to adapt the standard design techniques to the
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Fig. 3.7. Decomposition of the stacked power system of Fig. 3.1(b) into two individ-
ual converters: Z,;, is the output impedance of Converter 1, and Zy,, is
the output impedance of Converter 2.
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decoupled converters. Detailed discussions about Z,. and design of the decoupled con-
verters will be presented in the next section, which covers the analysis and design of a

stacked power system developed for the IBM390 mainframe computer.
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3.4 ANALYSIS AND DESIGN OF A THREE-STAGE STACKED
POWER SYSTEM

This section presents the analysis and design of a three-stage stacked power system
developed for the IBM390 mainframe computer system. In addition to the confirmation
of the design approach discussed in Section 3.3, this section presents a comprehensive
system level analysis and detailed design procedures which can be readily extended to

stacked power systems in general.

3.4.1 System Description

Figure 3.8 shows the schematic diagram of the system. The system consists of
three multi-module converters stacked together to provide five low-voltage high-current
outputs for the high-density emitter coupled logic circuits (represented by the five
resistors in Fig. 3.8). V5 (1.4 V) is regulated by Converter 1. V¢ (2.1 V) is regulated
by Converter 2, and V,; (3.6 V) is regulated by Converter 3. These three outputs are
directly connected to R,z R,-, and R,;, respectively. The other two loads, Rz~ and
Rgp, utilize voltage differences between the outputs of two converters. R utilizes the
voltage difference between the output of Converter 2 (V= 2.1 V) and the output of Con-
verter 1 (V,3=1.4 V) to obtain an ultra low output voltage of 0.7 V. Ry, utilizes the volt-
age difference between the output of Converter 3 (V,,= 3.6 V) and the output of
Converter 1 ( V,3=1.4 V) to obtain an output voltage of 2.2 V. While each converter has

its own output capacitor, an additional load capacitor (Cpc) is employed across Rz in
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mulfi-module converters to power five high-density emitter coupled logic cir-

cuits: Viy =297 V, Cyc = 2720 pF, and Repe = 2.9 mQ.
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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 (3006 A) is supplied to three load
resistors directly connected to the outputs of the converters: 126 A to Ry, 1163 A to
Ry, and 1717 Ato R,p. The current through R,z (126 A) is further divided into three
portions: 20 A back to Converter 1, 36 A to the load resistor Rz., and 70 A to the load
resistor, Rgp. Each converter employs a number of converter modules in parallel in order
to deliver the high current efficiently and to realize a built-in redundancy. Converter 1
has two modules in parallel, Converter 2 has four modules, and Converter 3 has six

modules.

Figure 3.9 shows the schematic diagram of Converter 1 (Converter 2 and 3 have the
same structure as Converter 1 other than the number of modules). The converter consists
of two full-bridge PWM modules, a secondary LC filter, and an output voltage feedback
compensation circuit, F. The secondary LC filter is used to efficiently meet the specifi-
cations for ripple and high frequency noise. Each module consists of a power stage oper-
ating at 100 kHz ripple frequency, a PWM block, and two inner feedback circuits, CSN
and F;. Section 2.5 showed that the local voltage feedback, F;, offers significant
improvements in the closed-loop performance of the converter, particularly the transient
response in the event of failure of a module. In addition, each module contains an input

filter stage to prevent the pulsating switch current from being reflected to the input bus.
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Fig. 3.9. Converter 1: The converter employs the three-loop control scheme to improve
the module-failure response and the other performance criteria: Vpy =297V,

Vo=14V, n=1/48, L, =082pH, L,=015pH, C,;=6000pF,
C,=0.052F, R;y=5mS2, and Re; =2 mQQ.
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3.4.2 Design-Oriented Model Reduction

It is impractical to design such a complex system as a whole. To make the design
problem more tangible, this section presents a sequence of system level analyses which

successively simplify the system but retain all prominent dynamics.

System Decomposition

Figure 3.10 shows the system decomposed into three individual converters by iden-
tifying the ac load and dc load of each converter. Z, (k =1,2,3) represents the output
impedance of each converter. The dc load can be determined from the dc operating point
of each converter and is not shown in Fig. 3.10. With this decomposition, the design
problem of the stacked power system is reduced to that of three individual multi-module

converters.

The use of ac and dc load in designing the decoupled multi~modﬁlc converters is
closely related to the design strategy for a multi-module converter. For a complex multi-
module converter, it is advantageous to design the control loop and the input filter sepa-
rately. 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.

Detailed discussions on this subject will be given in Chapter 4.
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Figure 3.11 shows the equivalent single-module model of Converter 1 with an ideal
voltage source. It can be easily seen from Fig. 3.11 that the dependent current source, I,
, the only parameter depending on Rj, has no effect on transfer functions from the duty
cycle to various feedback signals. In deriving these transfer functions, V,, is assumed to
be zero and absorbs I;. Thus the only load parameter which affects the control loop
design is the ac load, Z,c. (This is true only for buck-derived converters. For boost-

derived topologies, both Z,. and Rp- must be considered in the control loop design.)

On the other hand, R, directly affects the input filter design. As will be illus-

trated in Section 3.4.4, R,- 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 of the power stage.

Load Impedance Analysis

The load impedance of the decoupled converter is a complex combination of the
load resistors/capacitor and the output impedance of the other converters. Thus a system-
atic analysis of the load impedance is necessary to understand the dynamics of the

decoupled converters and to establish design strategies.

To understand the dynamics of the load impedance of decoupled converters, the
output impedance of a converter should be characterized first. Figure 3.12 shows the

simplified small-signal model of a converter (Fig. 3.12(a)) and its corresponding block
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model. (b) Block diagram: Gain blocks Z, and F, through Fs represent
various open-loop transfer functions of the power stage. The other blocks are
feedback compensations and small-signal models of the controller.
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diagram (Fig. 3.12(b)). In deriving the output impedance, v, in Fig. 3.11 is assumed to
be zero, so V,,, I,, and the ideal transformer are not included in Fig. 3.12(a). From Fig.

3.12(b), the output impedance can be derived as:

, o Uz ) +h(Z-3)) .8
o=, 1+T+T, + T3 ’ )
where Z, is the open-loop output impedance, and T, T;, T; are given by:
T, = Fy FsR.H(s), (3.9)
T, =F,F,F,, (3.10)
I;,=F,F F,. (3.11)

The equations can be used to derive an analytical expression for the load impedance
of the decoupled converter. However, such a complex derivation is neither practical nor
necessary. For analysis and design purposes, it is sufficient to extract the prominent fea-
tures of the load impedance from the simplified analysis of the output impedance of the

converter.

While the output impedance of the converter is a rather complicated frequency-
dependent quantity, its asymptotic behavior can be easily deduced. At low frequencies,
T, approaches infinity due to the integrator contained in Fpg; this consequently reduces

Zoy to zero, regardless of the numerator of Eq. (3.8). At high frequencies, T;, T;, and
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T, reduce to zero, and Z, approaches the equivalent series resistor (ESR) of the sec-
ondary filter capacitor (Rc, in Fig. 3.12(a)) . Thus Z,, approaches ESR of the second-
ary filter capacitor at high frequencies. Figure 3.13 shows the output impedance of
Converter 1. The output impedance decreases monotically at low frequencies and is

limited by ESR of the secondary filter capacitor (2m<Q = —-54dB) at high frequencies.

Based on the previous analysis, two resistors can be identified which approximate

the asymptotic behavior of the load impedance of the converter:

*  R_(low) : low frequency approximation of Z,. obtained by replacing the output

impedance of each converter with a short circuit and replacing the load capacitor

with an open circuit.

*  R_(high) : high frequency approximation of Z,- obtained by replacing the output

impedance of each converter 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) = 5.77mQ (-44.8dBQ), R,_(high)=2.29 mQ (-52.8 dBQ);
Converter 2: R_(low) = 1.65mQ (-55.65dBRQ), R, (high)=1.26m<(-57.99 dBQ);
Converter 3: R_(low) = 1.967 mQ (-54.13dBQ), R, (high) = 1.972mSQ (-54.10 dBY).
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Fig. 3.13. Output impedance of Converter 1: The output impedance decreases monoti-

cally at low frequencies and approaches the ESR of the secondary filter capac-
itor 2 mQ =-54 dB) at high frequencies.
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Figure 3.14 shows the actual load impedances of three converters in the stacked
power system. The low and high frequency asymptotes of the load impedances are in
good agreement with the respective values of R (low) and R_(high). For Converter 3,
R_(low) and R,(high) are almost identical, and its load impedance is effectively a

resistor.

Open-Loop Dynamics of the Decoupled Converter

The open-loop dynamics of the decoupled converter can be characterized by
R, (low) and R,(high). Figure 3.15 shows the control-to-output transfer function of
Converter 1 with three different loading conditions. The solid line is the transfer function
with the actual load impedance, Z,.. The dashed line is the transfer function with a load
resistor of R_(low), and the dotted line is the transfer function with R_(high). As
shown in Fig. 3.15, R,(low) predicts the low-frequency behavior of Converter 1, and
R_(high) predicts the high-frequency behavior of Converter 1. Note that the dc gain of

the transfer function is independent of the load impedance.
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Fig. 3.14. Load impedance of converters: (a) Gain. (b) Phase: The close agreement

between the asymptotes of load impedances and analytlcal predictions verifies
theoretical discussions.
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loading conditions: (a) Gain. (b) Phase: R_(low) predicts the low-

frequency behavior, and R, (high) predicts the high-frequency behavior of
the decoupled converter.
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3.43 Control Loop Design

Based on the results of the previous section, this section presents the control design
for the decoupled converters. The design optimizes the control loop of each decoupled

converter, providing an optimal performance for the entire system.

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 character-
istics of a converter, R_(high) (which predicts the high-frequency behavior of the
decoupled converter) can be used as an equivalent resistive load for control design
purposes. Feedback compensations optimized for R, (high) offer an optimal closed-loop
performance of the converter in the stacked power system. Furthermore, the optimal
design of three individual converters using their respective R, (high) would result in the
best possible performance of the entire system. Thus once the R, (high) of each conver-
ter is identified, the design problem of the stacked power system simplifies to that of

three individual multi-module converters with a resistive load.

Design procedures for a multi-module converter with a resistive load were given in
Chapter 2. Following those procedures, the control loop of three converters are

designed, individually, using their equivalent resistive load, R, (high).
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Design Verification

To confirm the validity of using R,(high) for the control loop design, Fig. 3.16

shows the loop gain of Converter 1 with two different loading conditions: one with the
actual load impedance, Z,, and the other with the load resistor of R, (high). The loop
gain is measured at the output of PWM block [D2], using the equivalent single-module
of Fig. 3.11. 'The converter shows very similar loop gain characteristics except the dis-
crepancy around the first resonance of the power stage, where Z,, behaves like
R_(low). Figure 3.17 compares the performance of Converter 2 with Z,c and R, (high).
Figure. 3.17(a) compares the loop gain, and Fig. 3.17(b) compares the output impedance
of the converter. The converter shows almost identical closed-loop performance with
two different loading conditions. Figure 3.18 compares the closed-loop performance of
Converter 3 with Z,c and R, (high). The transfer functions are indistinguishable. This

is consistent with the fact that the load impedance of Converter 3 is practically a resistor.

3.4.4 Input Filter Design
This section addresses the use of Ry in designing an input filter for each converter
module. Detailed discussions about the input filter design will be given in Chapter 4.

For each module, an input filter must be employed to prevent the pulsating switch
current from being reflected to the input bus. Figure 3.19(a) shows the simplified block

diagram of Converter 1 with input filters. To avoid undesirable interactions between
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Fig. 3.16. Loop gain of Converter 1 with two different loading conditions: (a) Gain.
(b) Phase: The converter shows similar loop gain characteristics.
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Fig. 3.17. Closed-loop performance of Converter 2 with two different loading condi-
tions: (a) Loop gain. (b) Output impedance: The converter shows almost
identical closed-loop performance.
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Fig. 3.19. Converter 1 with input filters: (a) Block diagram. (b) Impedance compar-
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input filter and power stage, the output impedance of the input filter (Z, in Fig. 3.19(a))
must be sufficiently lower than the closed-loop input impedance of the power stage (Zy

in Fig. 3.19(a)) for all frequencies, as will be discussed in Chapter 4.

For a converter with a high loop-gain crossover frequency, the minimum magni-
tude of the closed-loop input impedance of the power stage is determined by its dc value
[E1,E2]:

IZICI min -~ IZICI e (3-12)

If a regulated converter is assumed to be 100 % efficient, then its input power must equal
its output power. This forces a converter to draw a constant amount power for the given
load condition. If the input voltage of a t;onverict( Vs) increases, the input current (I)
must decrease to maintain the fixed power level of Pg=V ;. This causes the input
impedance of a converter to have a negative dynamic resistance characteristic at dc:

dVs d Pg f’ﬁ_ Vo 1V,

IZII*-E'E};--ISQ LD (3.13)

where V,, is the dc output voltage, I, is the dc current drawn from the converter, and

u is the forward voltage gain of the converter. For an isolated multi-module full-bridge

PWM converter, Egs. (3.12) and (3.13) can be combined as:

Rpc

12 o= 121 o =k

(3.14)
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where
k: number of modules,
n: turns ratio of the power transformer (1:n),
Rpc: de load of the (multi-module) converter, and

D: duty cycle of each switch with respect to the ripple frequency.

Once |Z|,,, is determined from Eq. (3.14), an input filter can be designed to

offer a sufficient gap between |Zy|__ and the maximum magnitude of its output
impedance (|Zo4 ). This guarantees a wide separation between the output impedance
of the filter and the input impedance of the power stage for all frequencies. Figure
3.19(b) shows the input impedance of the first module of Converter 1 and the output
impedance of the filter. The upper curve is the input impedance of the power stage,
whose minimum magnitude is calculated as 76 dB from Eq. (3.14). The lower curve is

the output impedance of the filter, designed to offer a 13 dB gap between | Z,z| . and

| Zic| e

3.4.5 Transient Response of System

Time-domain simulations were performed to verify the small-signal analysis and to
investigate the large-signal dynamics of the system. Figure 3.20 illustrates the transient
response of five outputs of the system, due to a step change in the load current through

Ryc (step size, I,,=117 A). The maximum undershoot (V,,) and settling time (z,) of
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Fig. 3.20. Transient response of the outputs due to the step load change: V,. canbe
closely predicted from the output impedance of Converter 2 shown in Fig.

3.17(b).
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Vic (output of Converter 2) can be predicted from the peak value (|Z,| ) and the
comner frequency (w,) of the output impedance of Converter 2 shown in Fig. 3.17(b)
[D1]:

Vain=2.1-Lp x| Zo| __=2.034V, (3.15)
3
t,=—=0.48mS. (3.16)
w

(4

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, providing a built-in redundancy
for the system. Also, to ensure the continuous operation of the computer system down-
stream, each converter employs a feedback from the output capacitor of each module,
minimizing the disturbance in the system outputs when one module fails. Figures 3.21
and 3.22 illustrate the transient response of the system, due to the switch-open failure
(switches are stuck in the open circuit positions at 0.2 mS) of the fourth module of Con-
verter 2. Figure 3.21 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 inductor current of
the operational module of Converter 2 (the third curve) increases to supplement the load
current of the failed module. Figure 3.22 shows the transient responses of five outputs of
the system. V,., the output of Converter 2, experiences the maximum undershoot of
0.12 V. V., the differential voltage between the outputs of Converter 2 and Converter
1, is directly affected by the failure of Converter 2, and exhibits essentially the same dis-

turbance as V.
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Fig. 3.21. Transient response of the inductor currents due to the switch-open failure

of the fourth module of Converter 2.
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Fig. 3.22. Transient response of the outputs due to the switch-open failure of the
fourth module of Converter 2.
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3.5 SUMMARY

This chapter presented the analysis and design of stacked power systems. Based on

a comprehensive system level analysis, systematic design procedures are established,

which can be adapted to stacked power systems in general.

Step 1: System Decompeosition

Identify the load impedance (ac load) of each converter as a combination of the load

resistors and the output impedances of the other converters.
Determine the dc operating point of each converter (dc load).

Decompose the system into individual converters using the ac load and dc load of
each converter. With this decomposition, the design problem of the multiple-

sourced power system is reduced to that of decoupled converters.

Step 2: Control Design of Each Converter Using ac Load

Derive an equivalent resistive load from the load impedance by replacing the output

impedances of the other converters with ESRs of their output capacitors.

Optimize the control loop using its respective equivalent resistive load. The results

of Chapter 2 can be used for multi-module converters with three-loop control.

Step 3: Input Filter Design of Each Converter Using dc Load

Estimate the minimum magnitude of the input impedance of the power stage from
dc load using Eq. (3.14).

Design an input filter whose output impedance is sufficiently lower than the input
impedance of the power stage for all frequencies. Detailed design procedures for
input filters will be given in Section 4.4.
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These design procedures naturally incorporate all subsystem interactions and opti-
mize the overall performance of the entire system. The proposed design procedures are
successfully adapted to the design of the three-stage stacked power system for the
IBM390 mainframe computer. The validity of the design is confirmed by both small-sig-

nal analysis and time-domain simulations.
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CHAPTER 4

MULTI-STAGE DISTRIBUTED POWER SYSTEMS

4.1 INTRODUCTION

The central feature of multi-stage distributed power systems is the use of cascaded
stages of converters to improve conversion efficiency, load regulation, power density,
and dynamic response [B1,B3,B10-B22]. However, together with its associated benefits,
cascading stages of converters presents an important design consideration as well. When
two converter stages are cascaded, the first converter stage (line conditioner) sees the
input impedance of the second converter stage (load converter) as its load impedance.
Due to the non-resistive nature of the load impedance, the dynamics of a line conditioner
differ markedly from those of a conventional converter and require a control design cor-
rectly reflecting these effects. As demonstrated in [B19], a line conditioner designed for
a resistive load could experience a severe performance degradation or even instability

when combined with the load converter.

For most practical applications, an intermediate filter stage must be employed
between two cascaded converters, in order to prevent the pulsating input current of the
load converter from being reflected to the line conditioner. It is well known that a filter
stage could adversely interact with the switching regulator, resulting in a performance
degradation or even instability of the integrated system. The intermediate filter employed
between two cascaded converters sees a switching regulator as a load subsystem, and at

the same time it sees another switching regulator as a source subsystem. Thus when
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designing an intermediate filter, interactions must be avoided not only with the load con-
verter buf also with the line conditioner in order to ensure the stability of the entire sys-
tem. As will be shown in Section 4.4, the design goals of avoiding interactions at both
sides of the filter are conflicting, and a systematic design strategy is necessary to meet
the design goals. Moreover, when the line conditioner feeds several load converters
through a common distribution bus, the intermediate filter must be designed considering

the parallel interactions among load converters as well.

This chapter presents the modeling and design issues involved with cascading
stages of converters and intermediate filters. Section 4.2 reviews the results of subsystem
interaction analysis and addresses a criterion to determine the system stability and the
degree of interactions between two cascaded sui:systems. Section 4.3 discusses design
considerations for cascaded converters and presents an unterminated modeling and design
approach which allows the design optimization of the cascaded converter independently
from its load impedance. Section 4.4 discusses the design of intermediate filters. A
design strategy to avoid interactions at both sides of the filter is presented. The design
strategy is substantiated by developing step-by-step design procedures for both single-
stage and two-stage filters. This section also discusses additional design constraints
imposed by parallel interactions between load converters connected to a common
distribution bus. Section 4.5 presents the design of a two-module zero-voltage-switched
full-bridge (ZVS-FB) PWM [D9] line conditioner for a three-stage distributed power
application. This section demonstrates how the results of this chapter can be integrated to
design the line conditioner and its input filter, ensuring the stability and compatibility of

the integrated system.
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4.2 SUBSYSTEM INTERACTION ANALYSIS

This section reviews general results of the subsystem interaction analysis. Detailed

discussions on this subject can be found in [E1,F1].

Figure 4.1 shows two subsystems connected in series. Initially, it is assumed that
each subsystem is stable and well designed for its stand-alone operation. Subsystem A
has an input-to-output transfer function of F,, and Subsystem B has an input-to-output
transfer function of Fz. The overall input-to-output transfer function of the integrated

system is given by [F1}:

Vy F,F

FAB -"71:- 1 +' 'ZO_A/Zm (4.1)

where Z,, is the output impedance of Subsystem A, and Z; is the input impedance of

Subsystem B. It has been shown in the literature [B17,B18,F1] that the denominator of
Eq. (4.1) contains all information necessary to analyze the system stability and subsystem
interactions. The stability of the integrated system can be determined ’by applying the
Nyquist stability criterion [F3] to Z,,/Z5, and the degree of interactions is determined

by the relative magnitude of |Z,,| and |Zg].

Case 1. |Zy,| <<|Zp| for all frequencies (minimal interactions):

Two subsystems are essentially decoupled. The overall input-to-output transfer
function of the integrated system is the product of the transfer functions of individ-

ual subsystems. The overall system is stable, and interactions are negligible.
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Fig. 4.1. Two cascaded subsystems: The condition |Z,,| <<|Zg| ensures minimal
subsystem interactions and the stability of the integrated system.
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Case 2. |Zy,| <|Zp| for all frequencies (non-minimal interactions):

There are certain degree of interactions. However, the integrated system is stable

as long as subsystems are individually stable.

Case 3. |Zy,| >|Zp| for some frequencies (strong interactions):

Relatively strong interactions occur. The integrated system could become unstable,
although the subsystems are individually stable. The Nyquist criterion must be

applied to Z,,/Z5 to determine the stability of the integrated system.

For both stability and minimal mtefactiong, it is essential to minimize the output
impedance of Subsystem A and to maximize the input impedance of Subsystem B. A
wide separation of these two impedances minimizes subsystem interactions and guaran-
tees the stability of the integrated system. Throughout this chapter, this criterion will be
used as the theoretical basis of design strategies for multi-stage distributed power

systems.
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4.3 UNTERMINATED MODELING AND DESIGN OF CASCADED
CONVERTERS

A line conditioner driving a load converter downstream sees the input impedance of
a switching regulator, Z,., as its load impedance. The input impedance of a switching
regulator is a complex frequency-dependent quantity, and often complicates the analysis
and design of a line conditioner. An approach to eluding such a complication is to use a
simple approximation for Z;.. As demonstrated in [B12], Z,. behaves like a negative
resistance up to the crossover frequency of the loop gain. Thus for analysis and design
purposes, the load impedance of the line conditioner may be replaced with a negative
resistance —R, the ratio of the input voltage and the input current of the load converter.
However, such a simple approach may not be valid when an input filter is added to the
load converter. As an example, Fig. 4.2 compares the input impedance of a buck conver-
ter without input filter, the —-R approximation, and the input impedance of the converter
with input filter. While the ~R closely approximates the low- and mid-frequency
behavior of the input impedance without input filter, it apparently fails to predict the

input impedance with the presence of the input filter.

Ideally, it is desirable to consider the actual load impedance in designing a line
conditioner. However, in many practical applications, the load dynamics of a line con-
ditioner are highly complex or not available in advance. To deal with this problem, the
line conditioner can be modeled as an_unterminated stand-alone regulator without
considering the load impedance. Based on dynamics of the unterminated line condi-

tioner, the control can be designed to minimize the undesirable interactions with the load
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Fig. 4.2. Comparison of input impedance of load subsystem with -R approximation.
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subsystem while providing a good performance for the line conditioner. This approach is
particularly useful when dynamic characteristics of the load are not available in advance.

Also, the design results can be readily verified using a constant current sink load.

e e e s . e o e e

Figure 4.3 shows the unterminated model of a current-mode controlled line condi-

tioner. The current sink at the output port represents the dc current drawn from the power

stage, and indicates that the line conditioner is unterminated in the small-signal sense.
From Fig. 4.3, the open-loop transfer functions can be derived in terms of output voltage
and output current. After designing the current loop based on the open-loop characteris-
tics and large-signal constraints, the control-to-output transfer function, V,/¥c, can be
derived. Using the control-to-output transfer function with the current-loop closed, the
voltage feedback compensation can be cfesignéd similar to that of the load-terminated
case. By shaping the loop gain, T, in Fig. 4.3, the stability and dynamic performance of
the unterminated line conditioner can be optimized. It is particularly important to mini-
mize the output impedance of the unterminated line conditioner, in order to ensure the

stability after integration and minimal interactions with the load subsystem.

Once the control design is optimized for the unterminated line conditioner, the
compatibility between line conditioner and load subsystem can be assessed using
impedances at the interface of two subsystems, as discussed in the previous section.
Complete details about the unterminated modeling and design of the line conditioner will
be provided in Section 4.5, which covers the design of a two-module ZVS-FB-PWM line

conditioner.
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Fig. 4.3. Unterminated model of line conditioner: The current sink at the output port
indicates that the line conditioner is unterminated in the small-signal sense.
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4.4 DESIGN CONSIDERATIONS FOR INTERMEDIATE FILTERS

This section presents design considerations for intermediate filters. After establish-
ing a general design strategy, step-by-step design procedures for both single-stage and
two-stage filters are presented. This section also addresses the additional design
considerations for intermediate filters employed between the line conditioner and several

load converters connected through a common distribution bus.

4.4.1 Design Strategy

Figure 4.4 shows a simple distributed power system consisting of a line conditioner,
an intermediate filter, and a load converter. As discussed in Section 4.1, the intermedi-
ate filter must avoid interactions with converters at both sides of the filter, while provid-
ing a desired current attenuation. These requirements can be itemized as follows:

*  aspecified current attenuation, A, to smooth out the pulsating input current of the

load converter,

. the highest possible input impedance, Z;, to minimize interactions with the line

conditioner, and

. the lowest possible output impedance, Z,r, to minimize interactions with the load

converter.
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Fig. 4.4. ‘im_@_fyggr between two _cascaded converter stages: In order to avoid
interactions at both interfaces, the filter should be designed so that

|Zoc| «|Zx| and |Zyp| «|Zy| for all frequencies.
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It is important to note that the design goals of large input impedance and low output
impedance are conflicting. Since both the input impedance and the output impedance of
a filter are proportional to its characteristic resistance [E2], the filter designed for a large
input impedance produces a large output impedance as well. Thus a careful design trade-
off should be made to compromise these conflicting requirements for intermediate filters.
One design strategy, offering both minimal interactions and desired current attenuation,

is given as follows:

1.  determine the current attenuation desired at the switching frequency.

2. estimate the maximum magnitude of the output impedance ( |Zoc| ., ) of the line
conditioner.

3.  estimate the minimum magnitude of the input impedance (| Z| . ) of the load con-
verter.

4.  design the filter so that:

Izlclmin+lzocimx

IZIFI mjn—‘ZOFlm- 2% (1 Sk)’ (42)

while providing the desired current attenuation.

This design strategy is graphically illustrated in Fig. 4.5, assuming |Zoc| € |Zy|

(true for most practical applications). When k is selected as 1, the design guarantees an

impedance gap of:

Multi-Stage Distributed Power Systems 139



IZ 'C'mh

P lFLnin = lz(x"’m.x

tlel-mn - POClnu

IZIC lm(n - 'ZOCLnax
2

(c)

Fig. 4.5. Intermediate filter design: (a) Design strategy. (b) Impedance comparison

at front interface. (c) Impedance comparison at rear interface:
design offers the same impedance gap at both sides of the filter.
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Z -1z,
]Zl,q,"l lC‘min 2! OCImax (4.3)

at both ends of the intermediate filter, as shown in Figs. 4.5(b) and (). If |Zy|,,, is at

least 20 dB larger than |Zc| . , the intermediate filter offers a 10 dB impedance gap at

both sides, which would prevent any significant interactions with the converter.

In Eq. (4.2), k provides a design trade-off in determining impedance gaps at both

side of the filter. The larger k offers a wider impedance gap between |Z,f_, and

| Zc| in 8t the expense of a narrower gap between |Zoc| . and |Z;| .. If the condition

min®
|Zoc| «|Zyc| is not satisfied, a larger k(= 1) is necessary, since the interaction at the
rear interface is more detrimental than that at the front interface. The input impedance of
the load converter has a —180" phase characteristic up to the crossover frequency of its
loop gain. This could cause a severe degradation in the performance of the load conver-
ter if the condition |Z,f| «|Z,| is violated. Also, while the condition |Zyc| >|Z]

does not necessary cause instability, the condition |Z,z| >|Z| is highly susceptible to

instability.

The implementation of this design strategy needs two prerequisites. The first is the
prior knowledge of |Z,c| . and |Z,| .. While |Zyc| . can be obtained from either
measurement or small-signal analysis, |Z,|__ can be closely predicted from the dc
operating point of the load converter, as discussed in Section 3.4.4. The second is sys-
tematic design procedures for intermediate filters, which simultaneously meet specifica-
tions for input impedance, output impedance, and current attenuation. In the next

sections, design procedures for several useful filter topologies are presented.
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4.4.2 Single-Stage Filter with Damping Branch

Figure 4.6(a) shows a single-stage filter with a damping branch, which has been
widely used for low- and medium-current applications [E1,E2]. The current attenuation,
A, the input impedance, Z;, and the output impedance, Z,r, of the filter can be

approximated as:

1
Apm~ 4.4
T 1+5/00, + sHa? (4.4)
1+sCgR,)(1 , +52/w]
z, -3 SCR ”/Q‘C‘:C”/“’) (4.5)
s(C +CB)(1 fsa-;C-R‘,)
sL

14+5/Qw, + 5/w?

where

,C 1
-R -y mo-_—
Q d L ,——-LC

with assumptions Cz »C, CgR,»L/R,. These assumptions simplify the analysis and

also are desirable in practice. Since the sole function of Cy is to block dc current from
the damping resistor R;, Cz should be considerably larger than C to avoid any exces-

sive loss.

Figure 4.6(b) shows the asymptotic plots of the transfer functions given by Egs.
(4.4) through (4.6). The current attenuation has a -40 dB/dec slope at high frequencies.
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Fig. 4.6. Single-stage filter with damping branch: (a) Filter parameters. (b) Trans-
fer functions: The RC branch provides a lossless damping without compro-
mising any filtering properties [E2].
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The input impedance has a flat gain between the corner frequency of 1/CzR, and the res-
onant frequency. This flat gain determines the minimum magnitude and can be approxi-

mated as:

1+sCgR,

Izﬂ"lmin.' S(C+CB) -Rd (4'7)

Fm

The output impedance has a peak at the resonant frequency, which can be approximated

as:

Zy| wsL| =)= 4.8
et VE *8)

assuming a sufficient damping for the resonance.

To achieve the design goal of |Z| . =~|Zof| . » it can be assumed that:

Q-&a/%-l (4.9)

which implies |Z;| . =|Zof| . =R, The condition of Q =1 also ensures a sufficient

damping for the resonance, which was assumed in Eqgs. (4.7) and (4.8).

Based on the above analysis, design procedures can be formulated to realize the
design strategy discussed in Section 4.4.1. A design example is given to illustrate the

design procedures.
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Design Example

Assumptions:
. maximum magnitude of the output impedance of line conditioner:

|Zoc| o =~10 dB.

*  minimum magnitude of the input impedance of load converter: |Z;| . =20 dB.

. input current of the load converter: 100 kHz pulse train with a peak of 7.5 A.

Filter Specification:
. 35 dB current attenuation at 100 kHz for 0.13 A current ripple at the output of the

line conditioner.

* | ZoH| g =|ZiF| 5, =5 dB to offer a 15 dB margin at both sides of the filter.

b Cg-loxC.

Design Procedures

1. Calculate the LC product from the current attenuation specification:

—40log£-—35, = 1 L ic-1426x10™

fo 2nVLC

2. Determine R, using:

|Zoe| ., = 2| , =20logR,=5dB = R,=10°"=1.78Q.
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3. Calculate L, C, and C; using:

Q-R;\/Zc-l, LC=1426x10", C;=10xC = L =213uH, C =6.7uF, C;=67uF.

It can be easily shown that this design procedures automatically satisfy the assump-
tion CgR;»L/R,. Figure 4.7 shows the transfer functions of the resulting filter. The fil-
ter offers the desired impedance margin of 15 dB at both sides, and a 35 dB current

attenuation at 100 kHz,

4.4.3 Two-Stage Filter

Figure 4.8(a) shows a two-stage filter which has been widely used for high-current
applications [E1,E2,E4]. The current attenuation, the input impedance, and the output

impedance of the filter can be approximated as:

A (1 +s/e.1) (4.10)
a (1+5/Qyw, +52/0031)(1 +5/Q /0,5 +52/0332) '
(1+s/Q,0,; + 32/0331)
T~ sC, (4.11)
sL(1 +s/w0,)(1 +s/w,) 4.12)

y -
oF (1 +5/Q1w,; +%l;) (1 +5/Q00,7 + 87/0;)
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Fig. 4.7. Transfer functions of single-stage filter: (a) Current attenuation. (b) Input
impedance. (¢) Output impedance.
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Fig. 4.8. Two-stage filter: (a) Filter parameters. (b) Transfer functions: The damping
resistor R- provides a damping for both low- and high-frequency resonances.
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where

""Rc ¥ C ol vL.C,

1 / L, 1
QZ -1_?—; E; W, = ,——"LZCZ

o 1 Rc
z] (:1 RC

with assumptions L, >>L,, C;>>C,, L, >>R2C,, and C, >>L,RZ. These assumptions

make the analysis tractable and are a good design practice. These conditions ensure a
wide separation of the two resonant frequencies, allowing the filter to have a smaller out-
put impedance and a larger input impedance when compared with a filter not satisfying

these conditions [E1].

Figure 4.8(b) shows asymptotic plots of the transfer functions given by Egs. (4.10)
through (4.12). The current attenuation, Az, has one zero and four poles, giving a high
frequency slope of -60 dB/sec. The input impedance, Z;, has one resonance, and its

minimum value can be approximated as:

1

1
’ZlFlmin"s_Cl

Ve (4.13)

s =1INLT]

The output impedance, Z,, has a flat gain between two resonant frequencies of
w,; and w,,. The flat gain in the mid band can be approximated as:

Multi-Stage Distributed Power Systems 149



7 SL1(1 +s/mzl)
] GFlmid~ (1 +s/Q\®,; +.S'2/(D31)

R, (4.14)

s

If |w,; -, >|w,—-o, and two resonances are well damped, the peak value of the

output impedance occurs at the first resonance:

| Zo#l e SL, =\ . (4.15)

From Egs. (4.13) and (4.15), it follows:

| Z] min~|ZOFlw~\/ o (4.16)
) 1

To further simplify the design and to ensure a sufficient damping, it can be
assumed that Q, = 0, =1. It can be easily shown that this condition is equivalent to fol-

lowing three conditions:

VI, " RG, @19
R
lec Zf (4.18)
2
IZIF‘ m;.,"lZOFlm" Ell‘ - Rc (4-19)
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Note that Eqgs. (4.17) and (4.18) are identical to conditions ®,; =w,; and ®,, =w,.

Figure 4.9 shows asymptotic plots of the transfer functions of a filter with Q;=Q,=1.
In addition to the simplicity in design, the condition of Q;=Q,=1 is a good design

trade-off between the small output impedance and the large input impedance.

Based on the above analysis, design procedures can be formulated in a way similar

to that presented in the previous section.

Design Example

Assumptions:

d 'Zoclm'S dB, andIZ,C] “38 dB.

min

. input current of the load converter: 100 kHz pulse train with a peak of 18.2 A.

Filter Specifications:

. -43 dB current attenuation at f; = 100 kHz for 0.13 A current ripple at the output of

the line conditioner.

* | Zp| g =1ZoF| o, =23 dB to offer a 15 dB gap at both sides of the filter.

. one decade separation between the first and second resonant frequencies, f,, and

Joz
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Fig. 4.9. Transfer functions of two-stage filter with Q, =, =1: The condition
0, =0,=1 isidentical to conditions ®,, = w,; and w,, = w,,.
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Design Procedures:

1. Calculate the LyC, product from the current attenuation specification:

fs 1
~60log=>~20=-43, f,=

=L,C,=1.16x10"

2. Determine R, using:

3. Calculate L, and C, using:

Qz-;:- =1, LG-116x10"  =L,=S43uH, Cy=027pF
¢ 2

4. Caiculate L, and C,; using:

Joz 1 \/7-7
— =10, -4 ) =1 =L, =543 C, =27
fOI Ql Rc (:v1 1 FH 1 p‘F

It can be easily shown that this design procedures automatically satisfy the assump-

tions L, »RZC, and C,»L,/RZ. Figure 4.10 shows the transfer functions of the result-

ing intermediate filter. The filter satisfies all design specifications, including the current

attenuation and the desired impedance gap at both sides of the filter.
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Fig. 4.10. Transfer function of two-stage filter: (a) Current attenuation. (b) Input
impedance. (c¢) Output impedance.
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4.4.4 Two-Stage Distributed Filter

In many distributed power applications, the line conditioner feeds several load con-
verters through a common distribution bus [B11,B12,B17]. In this case, it is advanta-
geous to use a two-stage distributed filter, with the first stage common to all, and a
second stage at the input of each load converter, as shown in Fig. 4.11. The second stage
is necessary to attenuate the pulsating input current of each load converter to an accept-
able level at the distribution bus. The first stage is essential to further attenuate the cur-

rent ripple to a specified level at the output of the line conditioner.

The two-stage filter discussed in the previous section can be adapted to Fig. 4.11 by
distributing various components of the second stage. Figure 4.12(a) shows a distributed
filter, obtained by distributing only the capacitor of the secondary filter stage. While this
approach needs the minimum number of components, problems occur when load conver-
ters are not synchronized with a common clock. As demonstrated in [B13,B18], the
phase-shifted operation of load converters develops a potential difference across each

distributed capacitor, C,, causing a large current to circulate between load converters.

Figure 4.12(b) shows a distributed filter, obtained by distributing the inductor and
capacitor of the secondary filter stage. Although this topology is free from the problem
of a large circulating current, it has a potential instability problem originating from paral-
lel interactions among load converters. The damping resistor, R, originally intended to
damp both the first and second resonances, fails to damp the second resonance due to

parallel interactions among load converters [B14,B17]. As a result, a severe peaking
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Fig. 4.11. Two-stage distributed filter: The first stage is located before the distribution
bus, and the second stage is located at the input of each load converter.
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Fig. 4.12. Two-stage distributed filters: (a) Filter 1. (b) Filter 2: Filter 1 could cause a
large circulating current, and Filter 2 could cause an instability.
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occurs in the output impedance of the filter. This peaking could cause the output
impedance of the filter to exceed the input impedance of the load converter, resulting in

instability.

As the final modification, a damping branch, R, and C, is added across the sec-

ond stage capacitor, resulting in an improved topology of Fig. 4.13(a). The damping
branch provides the necessary damping for the second resonance and minimizes the
detrimental effects of parallel interactions. Figure 4.13(b) shows the effects of the damp-

ing branch on the output impedance of the filter seen by the input of each load converter.

To summarize this section, design procedures are formulated for the two-stage dis-

tributed filter.

1.  Determine the current attenuation required for each load converter.

2. Determine the desired values of | Ze| . and |Zof| .-
3. Design a two-stage filter to meet design specifications, using the procedures dis-
cussed in Section 4.4.3.

4. Place the first stage of the resulting filter before the summing junction, and place
the indictor and capacitor of the secondary filter stage in the front of each load con-

verter.

5. Add an RC damping branch to the second stage filter capacitor. The following

inequalities are recommended to select the value for R; and Cg:
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Fig. 4.13. Two-stage distributed filter: (a) Filter parameters. (b) Output impedance
of the filter seen by the input of each load converter.
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C,>Cy>>C, R,>R.

These conditions minimize the effects of the damping branch on the current attenu-

ation and the input impedance of the filter.
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4.5 DESIGN OF TWO-MODULE A ZVS-FB-PWM LINE CONDI-
TIONER

This section demonstrates how the results of this chapter can be integrated to design
a multi-module line conditioner for a practical distributed power system. Figure 4.14
shows the block diagram of a three-stage distributed power system developed for main-
frame computers. The front end is a three-phase ac-to-dc preregulator operating under
the principles of six-step PWM [D10,D11]. The preregulator receives the input from
three-phase utility and provides the high-voltage dc output to the line conditioner. The
line conditioner employs two ZVS-FB-PWM converter modules in parallel and produces

an intermediate voltage to the stacked load converter subsystem discussed in Section 3.3.

The unterminated modeling and design method is combined with the reduced-order
modeling technique to optimize the control design while ensuring the stability and com-
patibility of the entire system. The filter design techniques developed in the previous

section is adapted to the design of the input filter for line conditioner modules.

4.5.1 Control Design

Figure 4.15 shows the schematic diagram of the unterminated two-module ZVS-
FB-PWM line conditioner. The system consists of two current-mode controlled ZVS-

FB-PWM modules, a common output capacitor, and an output voltage feedback circuit.
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Fig. 4.14. Block diagram of three-stage distributed power system for mainframe
computers: The two-module ZVS-FB-PWM line conditioner converts the
output of the preregulator to an intermediate voltage for stacked load conver-
ters.
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Each module contains a power stage operating at 100 kHz and an input filter. The
current sink at the output port emphasizes that the line conditioner is considered as an

unterminated regulator.

Reduced-Order Modeling

Figure 4.16 shows the small-signal model of the unterminated line conditioner,
obtained by replacing the power stage with its small-signal model [D9], and replacing
the PWM and CSN blocks with their small-signal models [D7]. For control design pur-
poses, the input of the line conditioner is considered as an ideal voltage source. The
parameters for the power stage model and definitions of gain blocks are given in Table

4.1.

By taking the steps similar to those of Section 2.4.1, the small-signal model of
Fig. 4.16 can be simplified to an equivalent single-module model of Fig. 4.17(a). Figure
4.17(b) is the time-domain counter part of Fig. 4.17(a). As discussed in Section 2.4.1,
this model produces the same transient response as the original two-module system. The

parameter for the equivalent single-module model are summarized in Table 4.2.
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Fig. 4.16. Small-signal model of line conditioner: The model contains only dc informa-
tion about load, and represents dynamics of the system unterminated in the

small-signal sense.
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Table 4.1: Summary of parameters in Fig. 4.16

Power stage

Vo
Da=rv,
ioa "Iu(au +‘2v¢)
ve=nV,d,

Va=nV,d,+d,)
d -2nL,f, .

®™ 57"

a‘,,‘-z"l"{"“\a

f,: ripple frequenc&

Modulator gain of
PWM

1
Fu=Gs s,
!

S.: slope of external ramp
S, : on-time slope of sensed inductor current

Dec gain of CSN

R; (constant)

Sampling gain of CSN

2
(] Qn ,
2

Qn-_;t-’ 0}“-

H,(s)= 1+

~ja

Feedforward gain of
CSN

D,TR( D
k-2 12

N
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Fig. 4.17. Equivalent single-module model: (a) Frequency-domain model. (b) Time-
domain model.
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Table 4.2: Parameters of equivalent single-module model of Fig. 4.17

Leakage inductor

Filter inductor

CSN gain

Dec current of filter
inductor

Small-signal parame-
ters
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Voltage Compensation Design
Once the current loop is designed considering the large-signal constraints and the

sampling effects of CSN [D7], the approximated control-to-output transfer function with
current-loop closed can be derived from Fig. 4.17 (a):

1+sCR,
K ) (4.20)

T (1 + s/ ) (1 + /0O +55ek)’

G.e"':2
vc

where
Lf,
Ke= R.(mcD4 -0.5)° (4.21)
mcD 4 - 0.5
W, = I.cf (4.22)
1
QH - Jt(mcbef’ _ O.S) 3 (4'23)

(4.24)

(D”-Jt,,

e
_l

with
=1
m, + 5,

Dcﬂf‘ I“Deﬂ >

Using Egs. (4.20) through (4.24), the voltage compensation can be designed to
optimize the closed-loop performance of the unterminated line conditioner. For both sta-

bility and high performance, a two-pole one-zero compensation can be used:
169
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K1 +s/w;)

s+ shap) “2)

1 4

For given power stage parameters, the voltage feedback compensation is designed

as follows:

* )y is placed at 46700 r/s to give settling time of 64 p Sec in step load response;

e  wp is placed at half the ripple frequency to minimize the detrimental effects of the

sampling effects of CSN [D7]; and

* Ky is selected as 2600 1/s to minimize the output impedance, while maintaining a

good phase margin of 53",

Figure 4.18 shows the loop gain of the resulting design in comparison with the

control-to-output transfer function with current-loop closed.

Compatibility with Stacked I.oad Converter Subsystem

As discussed in Section 4.2, the compatibility between the line conditioner and the
stacked load converter subsystem can be assessed using impedances at the interface of
two subsystems. Figure 4.19(b) compares the output impedance of the line conditioner
with the input impedance of the stacked load converter subsystem. The condition

|Zoc| €|Z;| guarantees the stability and compatibility of the integrated system.
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Fig. 4.18. Loop gain and control-to-output transfer function: (a) Gain. (b) Phase:

The voltage feedback compensation is designed to offer a 53’ phase margin
of the loop gain.
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Fig. 4.19. Interaction analysis between line conditioner and stacked load converter
subsystem: (a) Block diagram. (b) Impedance comparison: The condition
|Zoc| «|Zz| guarantees the stability and compatibility of the integrated sys-
tem.
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4.5.2 Input Filter Design

Filter Specifications

Form the dc analysis, the peak value of the input current of each ZVS-FB-PWM
module is determined to be 43 Amps. To achieve 2.1 Amps ripple at the output of ac-
to-dc preregulator, a current attenuation of 26 dB at 200 kHz is required. The single-
stage filter discussed in Section 4.4.2 is found to be sufficient to provide the necessary
current attenuation. Figure 4.20 (a) shows the overall configuration of the single-stage

distributed filter.

The minimum value of the input impedance of each ZVS-FB-PWM module can be

found as 26 dB from following equation:

Ze| . ~|Zi| oo =——s— =26 dB 4.26
I lClmm I IC|DC nzDzilo ( )
Figure 4.20(b) shows the output impedance of the ac-to-dc preregulator [D11],
whose high-frequency value is - 40 dB. From Fig. 4.20(b) and Eq. (4.26), it can be con-
cluded that the filter having
| Zil o * 1 Zoc] i + 6B

| Zik| i ™ | Z0F] ™ > - -4dB (4.27)

offers a 30 dB gap between |Z,r and |Z,|, and also provides a 30 dB gap between

|Zoc| and |Z;'}.
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Fig. 4.20. Single-stage distributed input filter: (a) Overall configuration. (b) Output
impedance of ac-to-dc preregulator.
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Design Results

Using the design procedures established in Section 4.4.2, the filter parameters are

determined as follows

L=285uH, C=46uF, R,=063Q, C,=46pF.

Figure 4.21 shows the transfer functions of the resulting single-stage distributed fil-
ter. The filter satisfies all design specifications including the current attenuation and the

desired impedance gap at both sides of the filter.
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Fig. 4.21. Transfer functions of single-stage distributed filter: (a) Current attenu-
ation. (b) Input impedance. (c) Output impedance.
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4.6 SUMMARY

This chapter established two useful design techniques for multi-stage distributed
power systems: 1) unterminated modeling and design method of converter stages, and 2)
design guidelines for intermediate filters. The use of these techniques was fully demon-
strated in Section 4.5, which covered the design of a two-module ZVS-FB-PWM line

conditioner.

The primary concern in designing converters for distributed power applications is
the complexity or the uncertainty of the load dynamics. To resolve this problem, the
unterminated modeling and design method is developed. This approach initially consid-
ers the converter as an unterminated stand-alone regulator and does not need any prior
information about the dynamic characteristics of the load subsystem. For the given dc
power level and output voltage, the control is designed to optimize the dynamic perform-
ance of the unterminated converter, and at the same time, to minimize undesirable inter-

actions with the load subsystem.

Once the control design is optimized, the compatibility with the load subsystem
can be investigated using the output impedance of the converter and the input impedance
of the load subsystem. If the input impedance of the load subsystem is lager than the out-
put impedance of the converter for all frequencies, the entire system is stable as long as
subsystems are individually stable. Otherwise, Nyquist analysis is necessary to evaluate

the system stability.
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Intermediate filters employed between the line conditioner and the load converter
must avoid interactions with the converters at both sides of the filter. This requirement
implies following two conditions:

*  asufficient gap between the output impedance of the line conditioner (Z,c) and the

input impedance of the filter, and

. a sufficient gap between the output impedance the filter and the input impedance of

the load converter (Zy).

This chapter presented design guidelines for both single-stage and two-stage filters,

which offer an impedance gap of

|ZIC]min_lZOC|max

Iz!sm" 2%

(1=k)

at both sides of the filter, while providing the desired current attenuation. If |Z| . is

at least 20 dB larger than |Z,c| . (Which is true for most practical applications), k can
be selected as 1 to realize a 10 dB impedance gap at both sides. This would prevent any

major interactions with both the line conditioner and the load converter.
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CHAPTER §

CONCLUSIONS

Comprehensive modeling, analysis, and design techniques have been developed
for large-scale distributed power systems. Dynamic interactions caused by paralleling,
stacking, and cascading converter modules are fully characterized and properly incorpo-
rated into the control design in order to optimize dynamics of the entire system. The
results of this dissertation, coupled with the existing techniques, would constitute
extensive analytic archives which can be used to optimize the dynamic performance of a

wide class of distributed power systems.

A circuit oriented procedure to obtain a reduced-order model for multi-module con-
verters is developed. As demonstrated in Chapter 2, the reduced-order model preserves
both frequency- and time-domain performance of the original multi-module converter.
The derivation steps automatically incorporate all interactions among parallel modules;
the steps are general enough to be directly extended to a large class of multi-module con-
verters. The resulting reduced-order model has the structure of a conventional single-
module converter, while preserving the dynamics of the original system. Using this
model, any control scheme developed for a single-module converter can be directly
adapted to a multi-module system. Furthermore, multi-module converters operating as
subsystems of a large-scale power system can be replaced with reduced-order models

without compromising any analysis accuracy.

It is shown that the secondary LC filter, widely used in multi-module converters for
low-voltage applications, could degrade the system performance when the conventional
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two-loop current-mode control is used. The detrimental effects of the secondary LC filter
are most pronounced in the transient response in the event of failure of a converter mod-

ule, which is a critical performance criterion for multi-module redundant systems.

To overcome the limitations of two-loop control, a three-loop control scheme is
proposed for multi-module converters with a secondary LC filter. Using an additional
feedback from the output capacitor of each module, the three-loop control minimizes the
detrimental effect of the secondary LC filter, and offers several advantages over the con-
ventional two-loop current-mode control, including a significant improvement in the

module-failure response.

Guidelines to selecting the three-loop feedback compensation are presented. The
structure of and the design procedures for three-loop compensation are no more compli-
cated than those of a two-loop control. The superiority of the three-loop control over the

two-loop control is verified by both the frequency- and time-domain simulations.

Systematic design procedures are established for power supplies employing a
stacked configuration of converters for low voltage and high current applications in main-
frame computer power system. The converter in the stacked power supply has dc load
determined by its dc operating point, but it also has ac load determined by the load
impedance seen by the output of the converter. These two load parameters are entirely
different and play two distinctive roles in designing the converter. The dc load governs

the input filter design, and the ac load governs the control design.

Interactions between stacked converters are reduced to a simple loading effect, by
identifying the ac load of each converter as a combination of load resistors and output
impedances of the other converters. An equivalent resistive load of each converter is
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obtained from its ac load by replacing the output impedance of the other converters with
the ESR of their output filter capacitor. Using the equivalent resistive load, the control
loop of each converter is designed as for a single conventional converter. This design
procedure naturally incorporates all subsystem interactions, and optimizes the system

performance using standard design techniques.

As discussed in Chapter 4, in a distributed power system, the primary concern in
designing a converter driving other converters through an intermediate filter is the com-
plexity or uncertainty of its load dynamics. To deal with this problem, an ac untermi-
nated modeling and design method is proposed for the cascaded converter stages. In this
approach, the converter is considered as an ac unterminated stand-alone regulator
without considering the load dynamics. For given dc power level and output voltage, the
control is designed to optimize the dynamic performance of the unterminated converter
stage. It is particularly important to minimize the output impedance of the unterminated
converter, in order to ensure the stability after integration and minimal interactions with

the load subsystem.

Once the control design is optimized for the unterminated converter stage, the sta-
bility and compatibility of the integrated system can be analyzed using the impedances at
the interface of two subsystems. A system loop gain is defined to which Nyquist

criterion can be applied to assess stability and compatibility of the integrated system.

Design considerations for intermediate filters employed between two cascaded con-
verters are addressed. A design strategy to minimize undesirable interactions at both
sides of the filter is presented. The design strategy is substantiated by detailed design

procedures for both single-stage and two-stage filters.
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The results of this dissertation can be used in various ways to assist the design of
distributed power systems. While the results of Chapter 2 can be individually used to
design multi-module converters, they can be combined with the results of Chapter 3 to
design power supplies employing a stacked configuration of multi-module converters.
Similarly, the results of Chapters 2 and 4 can be collectively used to design a multi-stage
distributed power system using multi-module converters. Finally, the results of Chapters
2, 3, and 4 can be integrated to optimize the dynamic performance of complex power
systems, employing a combination of paralleling, stacking, and cascading converter

modules.
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