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A Load Impedance Specification of DC Power
Systems for Desired DC-Link Dynamics and

Reduced Conservativeness
Syam Kumar Pidaparthy , Student Member, IEEE, Byungcho Choi , Member, IEEE, and Yeonjung Kim

Abstract—This paper proposes a new load impedance specifi-
cation for multistage dc power conversion systems. The proposed
specification avoids drawbacks of the existing specifications, such
as the lack of explicit connections to the dc-link dynamics and the
unnecessary conservativeness. The new specification offers a direct
command/supervision of the frequency- and time-domain dynam-
ics of the intermediate dc link, while being less conservative than
the existing specifications. This paper also presents procedures for
redesigning ill-conditioned load impedances to comply with the
specification. The validity and utility of the proposed specifica-
tion are demonstrated using an experimental two-stage dc power
conversion system.

Index Terms—DC power conversion systems, dynamic interac-
tion, loading effects, load impedance specification, minor loop gain,
stability and performance.

I. INTRODUCTION

IN PRACTICAL multistage dc power conversion systems,
the upstream converter stage is first fabricated as a stan-

dalone unit and later integrated with an independently engi-
neered load subsystem. For such cases, certain specifications for
load impedance are often issued, in order to secure the stabil-
ity and performance of the integrated system. Load impedance
specifications are initially given in the form of a forbidden re-
gion for the polar plot trajectory of the minor loop gain [1],
Tmn = ZoC /ZL , which is defined as the ratio of the output
impedance of the upstream converter stage, ZoC , to the input
impedance of the load subsystem, namely, the load impedance
ZL . The forbidden region is an especially selected s-plane terri-
tory such that not allowing the minor loop gain trajectory to enter
the forbidden territory ensures the stability and performance of
the integrated system. The forbidden region is later converted
into the specification for the load impedance ZL , which is re-
ferred to as the load impedance specification [2], [3].
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Fig. 1. Forbidden regions for Tm n = ZoC /ZL trajectory. (a) Existing for-
bidden regions [1], [2], [4]–[6]. (b) New forbidden region.

Various forbidden regions have been proposed as shown in
Fig. 1(a), including Middlebrook criterion [1], gain margin and
phase margin criterion [2], energy source analysis consortium
(ESAC) criterion [4], opposing argument criterion [5], and maxi-
mum peak criterion [6]. A comprehensive review of the previous
forbidden regions was presented in [7].

While all the existing criteria ensure stability [7], the con-
nections between the forbidden regions and other performance
metrics are unclear. Further drawbacks of the aforementioned
criteria include conservativeness and complexity. Some forbid-
den regions [1], [2], [5] occupy a larger s-plane territory than
necessary, thus imposing undue constraints on the load subsys-
tem. Other criteria [4], [6] require complex treatments of ZoC

to generate the load impedance specification.
This paper proposes a load impedance specification based

on a new forbidden region, which is depicted in Fig. 1(b). The
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Fig. 2. Two-stage power conversion system and impedance ratio as minor loop gain. (a) Two-stage power conversion system. (b) Conceptual plots of |ZoC | and
|ZL |. (c) Polar plot of minor loop gain, Tm n = ZoC /ZL .

proposed forbidden region offers direct command/supervision
of the frequency- and time-domain dynamics of the intermedi-
ate dc link. The new forbidden region takes a smaller territory
than the existing ones. The proposed load impedance speci-
fication itself serves as an instrumental tool for redesigning
ill-conditioned load impedances to meet the specification. This
paper demonstrates the procedures and benefits of such load
impedance shaping technique, using an experimental two-stage
dc power conversion system.

Section II addresses the relation between the minor loop gain
and the system performance, focusing on dc-link dynamics in
multistage dc power conversion systems. Section III presents
the formation of the new forbidden region. In Section IV, the
forbidden region is converted into the load impedance specifi-
cation. Moreover, an adoption of the proposed load impedance
specification is also discussed. Section V demonstrates a load
impedance shaping technique to comply with the given load
impedance specification. Section VI provides experimental val-
idations of the proposed work. Finally, Section VII concludes
this paper.

II. MINOR LOOP GAIN AND SYSTEM PERFORMANCE

This section illustrates the relation between the minor loop
gain and system performance using a two-stage dc power con-
version system shown in Fig. 2. The system is configured with
an upstream converter and the load subsystem consisting of a
line filter and load converter. The current source Δilink at the
intermediate dc link represents a current disturbance to evaluate
the transient performance of the dc-link voltage, vlink.

A. Impedance Overlap and Stability

The minor loop gain is closely related with the concept of
the impedance overlap [2], [8], [9], which refers to the overlap

between |ZoC | and |ZL |. Fig. 2(b) shows the conceptual plot
of an impedance overlap. If the impedance overlap is avoided,
the system stands stable. Avoiding the overlap is the sufficient
condition for the stability, but this requirement is overly con-
servative and restrictive [2]. On the other hand, an excessive
impedance overlap could reduce the stability margins of the
system and degrade the transient performance of the dc-link
voltage, as will be clarified in Section II-C.

Fig. 2(c) shows the polar plot of the minor loop gain,
Tmn = ZoC /ZL . Even though the impedance overlap exists,
the system is stable because the polar plot does not pass or en-
circle the (−1, 0) point. At frequencies ω1 and ω2 , the |ZL |
curve crosses the |ZoC | curve. As shown in Fig. 2(c), two
different phase margins, PM1 = 180◦ − ∠Tmn (jω1) = θ1 and
PM2 = ∠Tmn (jω2) − (−180◦) = θ2 , are defined at ω1 and ω2 ,
where the polar plot crosses the unit circle.

A gain margin GM is defined at the frequency ωg , where the
polar plot crosses the negative real axis. The detailed description
about the phase and gain margins can be found in [2] and [8].
The stability margins predict the dynamic performance of the
dc power conversion system. Particularly, the phase margins,
PM1 and PM2 , play an important role in the dc-link dynamics,
as will be shown in Section II-C.

B. Peak Factor

The impedance seen at the dc link, referred to as the dc-link
impedance, is given by

Zlink = ZoC ‖ ZL =
ZoC ZL

ZL + ZoC
= ZoC

1
1 + Zo C

ZL

= ZoC
1

1 + Tmn
. (1)
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Fig. 3. DC-link dynamics. (a) Small magnitude peaks. (b) Large magnitude peaks.

The input-to-dc link noise transmission is determined as

Au link = AuC
ZL

ZL + ZoC
= AuC

1
1 + Zo C

ZL

= AuC
1

1 + Tmn

(2)
where AuC is the input-to-output noise transmission of the up-
stream converter. The |Zlink| and |Au link| are proportional to the
common term, defined as the peak factor [6]

peak factor ≡ 1

|1 + �Tmn |
. (3)

As shown in Appendix A, the denominator of the peak factor
is the distance from the (−1, 0) point to the coordinate of �Tmn .
When �Tmn approaches the (−1, 0) point, the peak factor rapidly
increases and deteriorates the dc-link dynamics [6].

C. Impacts of Impedance Overlap on DC-Link Dynamics

Fig. 3 illustrates the impacts of impedance overlap on dc-
link dynamics. Fig. 3(a) is a conceptual plot of |Zlink|. The
|Zlink| follows the smaller of |ZoC | and |ZL | for most frequen-
cies. However, at the frequencies around ω1 and ω2 , where
|ZoC | and |ZL | intersect and the Tmn trajectory crosses the unit
circle, |Zlink| exhibits two isolated peaks, labeled peak1 and
peak2 . As shown in Appendix A, the magnitude of the peaks are
given by

|peak1,2 | = 20 log
1

√
2 − 2 cos θ1,2

(4)

where the angles θ1,2 are the phase margins at ω1 and ω2 . The
two peaks in |Zlink| transform into underdamped second-order
terms in the s-domain expression [10], which trigger decaying
oscillations in vlink in response to a step change in ilink. The
peak1 induces a low-frequency oscillation at ω1 , represented
by v̄link in Fig. 3(a), while the peak2 produces a high-frequency
oscillation at ω2 , ṽlink. The dc link voltage, vlink, is predicted
by combining v̄link and ṽlink, as depicted in Fig. 3(a). The

frequencies of oscillations correspond to the frequencies of the
peaks, ω1 and ω2 .

The amplitude and persistence of the oscillations are both
proportional to the magnitude of the peaks, which is inversely
proportional to the phase margins PM1 = θ1 and PM2 =
θ2 . Fig. 3(a) illustrates an impedance overlap with sufficient
phase margins, which produces small peaks in |Zlink|. As the
impedance overlap increases, the margins, PM1 and PM2 de-
crease, which eventually increase the peaks in |Zlink|. Fig. 3(b)
depicts such a case, where the smaller phase margins produce
the larger peaks in |Zlink|. The dc-link voltage, vlink, becomes
more oscillatory due to the larger peaks. Moreover, the in-
crease in the impedance overlap decreases both the value of
ω1 and the magnitude of dc-link impedance. The decrease in
the value of ω1 slows down the transient response, while the de-
crease in dc-link impedance reduces the maximum overshoot,
Δvlink [10].

Because ω1 � ω2 , the high-frequency oscillation at ω2 will
decay so fast that only the low-frequency (slowly decaying)
oscillation at ω1 dominates the transient behavior of vlink. Hence,
the transient dynamics of the dc-link voltage are closely related
with the phase margin of the minor loop gain at ω1 , PM1 = θ1 .

Based on the shape of the dc-link impedance, Zlink can be
formulated as a fourth-order function

Zlink ≈ kds

(
1 + s

Qz ωz
+ s

ω 2
z

)(
1 + s

ωz 1

)

(
1 + s

Q 1 ω1
+ s

ω 2
1

) (
1 + s

Q 2 ω2
+ s

ω 2
2

) (5)

with

kd =
|ZoC |@ω1

ω1
(6)

Q1 =
1√

2 − 2 cos θ1
(7)

Q2 =
1√

2 − 2 cos θ2
. (8)
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The values of Qz , ωz , and ωz1 are estimated from the shape and
value of the |Zlink|. The analysis of the dc-link dynamics using
(5) will be impractically complex.

A practical method is proposed in order to predict the low-
frequency dynamics of vlink using the standard second-order
system analysis. As discussed earlier, the low-frequency oscil-
lation at ω1 usually dominates the transient response of vlink.
Accordingly, the double pole at ω1 can be used to predict the
transient behavior of the vlink. The Zlink can be approximated as
a second-order function

Z̄link = kds
1

1 + s
Q 1 ω1

+ s2

ω 2
1

(9)

only considering the low-frequency dynamics of the dc-link
impedance, while ignoring the high-frequency dynamics.
Fig. 3(a) illustrates the low-frequency approximation, Z̄link.

When a step current change occurs at the dc link, Z̄link in-
duces a low-frequency oscillation at ω1 , represented by v̄link in
Fig. 3(a). The v̄link expression in response to the step current
change, Δilink, is given by

v̄link = L−1
(

Z̄link
Δilink

s

)
. (10)

By evaluating (10) and analyzing the resulting expression [11],
the maximum overshoot of vlink is found to be

Δvlink ≈ Δv̄link

= Δilink kd ω1 e
− 1√

4 Q 2
1
−1

tan−1
√

4Q 2
1 −1

(11)

and the 5%-boundary settling time, ts , is evaluated as

ts ≈ 6Q1

ω1
. (12)

The expressions (11) and (12) provide estimates of the maxi-
mum overshoot and settling time of the actual dc-link voltage,
vlink in Fig. 3. The accuracy of the second-order low-frequency
approximation Z̄link is given in Appendix B.

III. FORMATION OF NEW FORBIDDEN REGION

The forbidden region is issued by the manufacturer of the
upstream converter. The designer of the load subsystem is re-
sponsible to properly shape the load impedance ZL so that the
minor loop gain Tmn trajectory does not enter the forbidden
region. This section discusses the elements, formation, and fea-
tures of the new forbidden region.

A. Elements of the New Forbidden Region

The proposed forbidden region shown in Fig. 1(b) is defined
using the five s-plane elements. The five s-plane elements are
shown in Fig. 4. The five elements include real axis segment,
three discrete points A–C, and a circle centered at the (−1, 0)
point. The five s-plane elements are all connected with dc-link
dynamics, robustness, and the stability of the system.

The line segment stretching from the (−k, 0) point toward
negative infinity ensures stability, while excluding the chance
of being conditionally stable. Points A and B in Fig. 4 are

Fig. 4. Elements of the proposed forbidden region.

employed as a guard of the minimum allowable phase margins
of the minor loop gain [2]. When the minor loop gain trajectory
just passes Point A at ω1 and Point B at ω2 , the first phase margin
becomes PM1 = θ1 and the second phase margin is PM2 = θ2 .
Inclusion of Points A and B in the forbidden region sets the
angles θ1 and θ2 as the lower limits of the phase margins.

Point C is employed to set the minimum value of the gain
margin. Point C specifies the allowable increase in the dc-link
current, while retaining stability. Point C at (−k, 0) provides a
20 log(1/k)-dB margin against a potential increase in the dc-
link current, for example, Point C at the (−0.5, 0) point permits
about 6-dB increase in the dc-link current without destabiliz-
ing the system. A circle centered at the (−1, 0) point specifies
an upper bound of the peak factor. For example, if the cir-
cle of radius r = 0.5 is included, the peak factor is limited at
20 log(1/0.5) ≈ 6 dB.

B. Conservativeness and Convertibility of the
Forbidden Region

The forbidden region should include the three squares A−C
to bound the worst-case stability margins, the circle centered
at the (−1, 0) point to limit the peak factor, and the portion of
the − real axis for the system stability. Any region including
these elements deserves as a potential forbidden region. Fig. 5
shows four different forbidden regions that are formulated from
the five s-plane elements. In order to simplify the generation
of load impedance specification, the forbidden regions are con-
structed with the curved boundaries and straight lines that are
drawn with respect to the origin. The angle α employed in for-
bidden regions C and D is determined as α = sin−1 r, where r is
the radius of the circle centered at the (−1, 0) point. The forbid-
den regions all ensure the system stability, the stability margins
greater than the specified minimum, the peak factor bounded by
the selected maximum. However, the forbidden regions with a
larger area would be more conservative and restrictive. Forbid-
den region A is most restrictive, while Forbidden region D is
least conservative. Forbidden region D is selected as the final
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Fig. 5. Four forbidden regions.

territory, which is smaller and less conservative, compared with
the existing criteria [1], [2], [4]–[6].

IV. LOAD IMPEDANCE SPECIFICATION

For the given |ZoC | and ∠ZoC curves, the forbidden region for
the minor loop gain trajectory can be transformed into the load
impedance specification. Fig. 6 shows the formation and adop-
tion of the load impedance specification. The forbidden region
in Fig. 6(a) is converted into the load impedance specification in
Fig. 6(b). The specification consists of three magnitude curves
around |ZoC |, denoted as the magnitude specification, and six
phase curves above and below ∠ZoC , referred to as the phase
specification.

The construction of the magnitude and phase specifications
is as follows.

1) Three magnitude curves are drawn in reference to |ZoC |
plot. The top curve, elevated by 20 log(1/k) dB from
|ZoC |, is related with Point C at (−k, 0) in the forbidden
region. The other two curves, separated by 20 log(1/(1 −
r)) dB and 20 log(1 + r) dB from |ZoC |, are associated
with the horizontal distance between the (−1, 0) point
and the curved borderlines of the forbidden region.

2) Three phase plots are constructed below the ∠ZoC plot.
The bottom curve, separated by 180◦ from ∠ZoC , is affil-
iated with the − real axis. The other two curves are linked
with the two straight lines, pointing to the origin with the
phase of θ1 and α.

3) Three phase curves are drawn above the ∠ZoC plot. These
curves are associated with the − real axis and the straight
lines with the phase of θ2 and α.

Fig. 6. Forbidden region and load impedance specification. (a) Forbidden
region. (b) Formation of load impedance specification. (c) Adoption of load
impedance of load impedance specification.

Fig. 6(c) displays illustrative |ZL | and ∠ZL plots over the
magnitude and phase specifications. For the given |ZL | curve,
the minor loop gain trajectory does not enter the forbidden region
if ∠ZL curve simultaneously meet the following requirements.

1) For the frequencies where |ZL | plot passes ©A band in the
magnitude specification, ∠ZL does not touch A′ line or
A′′ line on the phase specification.
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2) For the frequencies where |ZL | plot passes ©B band,
∠ZL does not fall in ©B ′ band or ©B ′′ band in the phase
specification.

3) For the frequencies where |ZL | plot travels ©C band, ∠ZL

does not fall in ©B ′, ©C ′, ©B ′′, or ©C ′′ band.
4) For the frequencies where |ZL | plot travels ©D region,

∠ZL does not touch A′ or A′′ line.
An illustrative ∠ZL does not violate the phase specification

and ZL meets the load impedance specification.
The phase of the load subsystems terminated with a regulated

converter starts with−180◦ at low frequencies and continuously
increases toward the 90◦ high-frequency asymptote [8]. This
simplifies the load impedance specification as follows. The ∠ZL

should not touch the shaded regions or thick line segments of the
phase specification for the frequencies where |ZL | falls below
the top curve of the magnitude specification, which is raised by
20 log(1/k) dB from |ZoC |. The aforementioned requirements
exclude any chance of the intrusion into the forbidden region in
the s-plane.

V. LOAD IMPEDANCE SHAPING AND LINE FILTER REDESIGN

If the polar plot of the minor loop gain breaks the forbidden
region, the load impedance should be modified. This process is
referred to as the load impedance shaping. The load impedance
shaping only requires the redesign of the line filter, while using
the same load converter, because the load impedance is dictated
by the line filter impedance, as will be shown later.

A. Load Impedance Analysis

Referring to Fig. 2(a), the load impedance ZL is a cascaded
connection of the line filter impedance, ZiF , and the input
impedance of the regulated load converter, ZiC . It has been
shown [1], [12]–[17] that the input impedance of a regulated
converter behaves as a negative resistance up to the loop gain
crossover frequency of the converter regardless of the topol-
ogy, control scheme, and load characteristics. Thus, the load
converter is replaced with the negative resistance for the load
impedance evaluation. Fig. 7(a) and (b) depicts this concept. The
value of the negative resistance is given by−RiC = −Vlink/Ilink,
where Vlink is the dc-link voltage and Ilink is the dc-link current.

After replacing the load converter in Fig. 7(a) with −RiC , the
load impedance ZL is evaluated as

ZL = sLf + Rlf +
(

Rcf +
1

sCf

)
‖ −RiC (13)

= −RiC

1 + s
Qo ωo

+ s2

ω 2
o

1 + s
ωp

(14)

where

ωo ≈ 1
√

Lf Cf

(15)

Q ≈ 1
Rlf + Rcf

√
Lf

Cf
(16)

Fig. 7. Load impedance analysis. (a) Load subsystem. (b) Circuit model.
(c) Asymptotic plots for ZL , |ZiF |, and 20 log RiC .

ωp ≈ − 1
Cf RiC

(17)

with the assumptions of RiC 
 Rcf , RiC 
 Rlf , and
Cf (Rlf + Rcf ) 
 Lf /RiC .

The ωp in (17) is a right-half plane (RHP) pole, which
boosts ∠ZL by 90◦ while bringing down the |ZL | slope by
−20 dB/dec. Thus, ∠ZL starts with −180◦ at low frequen-
cies and increases continuously toward the 90◦ high-frequency
asymptote. Fig. 7(c) displays the asymptotic plots of |ZL | and
∠ZL of (14) along with the |ZiF |, and 20 log RiC . As discussed
in [8] and [9], the load impedance initially follows the −RiC at
low frequencies. At mid and high frequencies, on the other hand,
the load impedance tracks the ZiF . Therefore, the ZiF of the
line filter determines the load impedance ZL for the frequencies
of practical importance.

The load impedance analysis has been done for the specific
load subsystem consisting of a line filter and regulated load
converter. Although the outcome of this analysis can be broadly
extended, there are some cases that need special attentions and
considerations, depending on the nature/feature of the down-
stream load converter or load subsystem.

1) Narrow-bandwidth load converters with a line filter stage:
The line filter masks the mid- and high-frequency dynam-
ics of input impedance of the regulated load converter,



PIDAPARTHY et al.: LOAD IMPEDANCE SPECIFICATION OF DC POWER SYSTEMS FOR DESIRED DC-LINK DYNAMICS AND REDUCED 1413

regardless of the topology, control scheme, and bandwidth
of the converter. The line filter governs the load impedance
even for the cases of narrow-bandwidth load converters.
The changes in bandwidth only affect the input impedance
of the load converter at mid and high frequencies where
the line filter dominates the load impedance.

2) Regulated load converters without a line filter stage: At
the absence of a line filter, the load impedance ZL be-
comes the input impedance of the load converter ZiC .
The |ZiC | is usually lager than the output impedance of
the upstream converter |ZoC |, thus creating an impedance
gap. For this case, the polar plot of the impedance ra-
tio, ZoC /ZiC , stays within the unit circle and ensures
the system stability. However, there still exist possibilities
that |ZoC | exceeds |ZiC | at the frequencies where ZiC

behaves as a negative resistance. This case would occur
when |ZiC | is unusually small due to a very large input
current of the load converter. For this instance, the sys-
tem would become unstable and countermeasure should
be employed. In order to shape the load impedance with-
out using an intermediate line filter, the input impedance
shaping techniques [18]–[21] can be applied to the load
converter. Alternatively, the shunt active damping meth-
ods [22] and [23] can also be employed between cascaded
converter stages.

3) Unregulated converters with a line filter stage: The im-
pact of the input impedance of an unregulated converter,
ZiC unreg, on the load impedance depends on the magni-
tudes of ZiC unreg and input impedance of the line filter,
ZiF . When |ZiC unreg| is significantly larger than |ZiF |,
the line filter governs the load impedance characteristics.
However, when |ZiC unreg| is smaller than or compara-
ble with |ZiF |, the load impedance will be affected by
the ZiC unreg. For this case, the load impedance should
be tested against the load impedance specification. If the
impedance specification is violated, the load impedance
shaping technique can be applied to redesign the line filter,
explained as follows.

B. Load Impedance Shaping

Fig. 8 describes the process of the load impedance shap-
ing. Fig. 8(a) shows illustrative plots for |ZL | and ∠ZL , while
Fig. 8(b) displays the corresponding minor loop gain trajecto-
ries. The thin curves are the plots of the original load subsystem.
The original load subsystem fails to meet the specification and
requires redesigning. The plots of the redesigned load subsystem
are shown with thick curves.

The original load subsystem violates the phase specification
at the two different frequency ranges and the minor loop gain
trajectory crosses the forbidden region twice. The two phase
margins of the minor loop gain are determined at the frequencies
where |ZL | intersects with |ZoC |. The ∠ZL curve indicates that
the two phase margins fall below the aimed values of θ1 and θ2 .

Fig. 8(a) shows that the aimed phase margin θ1 will be ob-
tained if |ZL | is raised by Δ|ZL |1 , from the point X to point
Y, while ∠ZL remains unchanged. Similarly, the second phase

Fig. 8. Load impedance shaping. (a) Load impedance specification. (b) Minor
loop gain.

margin will be θ2 when |ZL | is increased by Δ|ZL |2 . By noting
that Δ|ZL |1 > Δ|ZL |2 , the conceptual |Z ′

L | plot is shown with
a thick line, which precisely meets the target value of the first
phase margin θ1 , while satisfying the second phase margin θ2
with some margin. The |Z ′

L | curve is obtained by shifting the
frequency of the RHP pole from ωp to ω′

p .
The minor loop gain trajectory with the modified load

impedance, T ′
mn , is shown in Fig. 8(b) with a thick line. The po-

lar plot just passes the upper right edge of the forbidden region,
thus yielding the first phase margin PM1 = θ1 .

From Fig. 8(a), the following relations are formulated:

20 log RiC − 20 log
ω1

ω′
p

= Y (18)

20 log RiC − 20 log
ω1

ωp
= X. (19)
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Fig. 9. Two-stage power conversion system. Peak current mode control is employed to the front-end boost converter. The CSN is the current sensing network with
the dc gain of Ri = 0.4, Se = 6.26 × 104 V/s is the slope of the compensation ramp, PWM is the pulsewidth modulation block, and Fv (s) = 2.77 × 103 (1 +
s/2π · 242)/(s(1 + s/2π · 4.98 × 103 )) is the voltage feedback compensation.

Fig. 10. Forbidden region, peak factor contour, and load impedance specification. (a) Forbidden region. (b) Peak factor contour. (c) Magnitude and phase
specifications.

From these equations, it follows that

Δ|ZL |1 = Y − X = 20 log
(

ω′
p

ω1

ω1

ωp

)
= 20 log

ω′
p

ωp
(20)

leading to the equation for the load impedance shaping

ω′
p

ωp
= 10

Δ |Z L |1
2 0 . (21)

The load impedance shaping assumes that the phase char-
acteristics of the load impedance, ∠ZL , remain unchanged
over the frequencies where |ZL | intersects with |ZoC |. This
assumption holds true when a sizable magnitude overlap exists

between |ZL | and |ZoC |. For such instances, the line filter pole
ωp appears at sufficiently low frequencies and the influence of
moderate changes in ωp is negligible when ∠ZL evaluated at
mid frequencies.

C. Line Filter Redesign

The outcomes of the previous analyses are employed to re-
design the line filter. From (17) and (21), the new value for the
filter capacitor, C ′

f , is given by

C ′
f =

Cf

10
Δ |Z L |1

2 0

(22)
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Fig. 11. Load Impedance specification, load impedance shaping, and dc-link dynamics. (a) Load impedance specification and load impedance shaping.
(b) Measured trajectories of minor loop gains. (c) Measured dc-link impedances. The |peak′

1 | is predicted as 2.32 dB. (d) Measured dc-link voltage. Theoretical
estimations of the overshoot and settling time are Δv ′

link = 0.1 V and t′s = 12 ms. The frequency-domain dynamics are measured with an impedance analyzer
PSM1735-NumetriQ [24] using the measurement setups presented in [25].

where Cf is the original filter capacitor. Fig. 8(a) implies that
the resonant frequency of the line filter remains the same during
the load impedance shaping

ωo =
1

√
Lf Cf

=
1

√
L′

f C ′
f

. (23)

This equation leads to the new value of the filter inductor

L′
f = Lf 10

Δ |Z L |1
2 0 . (24)

The quality factor is given by

Q′ =
1

R′
lf + R′

cf

√
L′

f

C ′
f

. (25)

The quality factor can be selected between 0.5 < Q′ < 1.5 to
avoid the resonant peaking in filter transfer functions. The par-
asitic resistance of the filter inductor, R′

lf , is minimized within
practical limits to reduce the dc power loss. Once Q′ and R′

lf

are fixed, the damping resistor, R′
cf , is determined from (25) as

R′
cf =

1
Q′

√
L′

f

C ′
f

− R′
lf . (26)

VI. EXPERIMENTAL VALIDATION

The two-stage power conversion system in Fig. 9 is built in
order to test the load impedance shaping. Fig. 10(a) shows a for-
bidden region, which is constructed with θ1 = 45◦, θ2 = 30◦,
k = 0.5, and r = 0.316. The angle α is determined as α =
sin−1 r = sin−1 0.316 = 18.42◦. Fig. 10(b) is the peak factor
contour for the admissible trajectory of Tmn = ZoC /ZL . The
upper limit of the peak factor is 20 log(1/0.316) ≈ 10 dB. The
forbidden region is converted into the load impedance specifi-
cation in Fig. 10(c).

Fig. 11 shows the utility of the proposed load impedance
specification. Fig. 11(a) is the load impedance specification, ex-
perimentally constructed using the upstream boost converter in
Fig. 9. Two sets of the load impedance curves, {|ZL |, ∠ZL}
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Fig. 12. Evaluation of vector length |1 + Tm n |. (a) Vector length |1 + Tm n |.
(b) Evaluation of |1 + Tm n | near unit-circle crossover frequencies of Tm n .

and {|Z ′
L |, ∠Z ′

L}, are shown on the load impedance speci-
fication. The |ZL | and ∠ZL are measured with the original
line filter of Lf = 4.14 μH, Rlf = 0.008 Ω, Cf = 19.9 mF, and
Rcf = 0.02 Ω. Fig. 11(a) indicates that the load impedance vi-
olates the specification at low frequencies. Fig. 11(b) confirms
that Tmn = ZoC /ZL trajectory trespasses the forbidden region
at low frequencies.

Fig. 11(a) reveals that Tmn trajectory will bypass the for-
bidden territory, if |ZL | is raised by 11 dB, while ∠ZL stays
approximately the same. Thus, the line filter is redesigned
as L′

f = 18 μH, R′
lf = 0.021 Ω, C ′

f = 4.38 mF, and R′
cf =

0.035 Ω, based on the procedures discussed in Section V. The
load impedance and minor loop gain with the redesigned line
filter are represented by Z ′

L and T ′
mn in Fig. 11. The Z ′

L meets
the load impedance specification and T ′

mn trajectory bypasses
the forbidden region.

The dc-link impedance with the original line filter, |Zlink|,
is compared with that of the redesigned line filter, |Z ′

link|, in
Fig. 11(c). The |peak1 | in |Zlink| is noticeably reduced to |peak′

1 |
in |Z ′

link| due to the increased phase margin. The |peak′
1 | is close

to the theoretical prediction of 20 log(1/(2 − 2 cos 45◦)) =
2.32 dB.

The load impedance of the redesigned system has been el-
evated to meet the specification. This inevitably increases the

dc-link impedance, as shown in Fig. 11(c), thereby producing a
larger overshoot in the transient response of the dc-link voltage.
The enlarged overshoot would propagate to the load converter.
However, the line filter usually provides sufficient attenuation
to the voltage spike and the input voltage of the load converter
will not be notably affected by the overshoot. The audio suscep-
tibility of the load converter would further reject the offshoots
of the dc-link voltage overshoot. In fact, the impacts of the dc-
link voltage overshoot will be nearly undetectable at the output
voltage of the load converter.

The measured dc-link voltages, vlink and v′
link, in response to

1 A changes in ilink are shown in Fig. 11(d). The experimental
results show good correlations with the analysis in Section II-C
along with Fig. 3. The system with the original load sub-
system makes the transient response oscillatory and sluggish.
On the other hand, the redesigned load subsystem generates
a larger overshoot due to an unavoidable increase in the dc-
link impedance. The redesigned load subsystem meets the load
impedance specification and yields a more stable and faster tran-
sient response. The overshoot and setting time of v′

link are close
to the analytical predictions of Δv′

link = 0.1 V and t′s = 12 ms,
which are estimated from (11) and (12).

VII. CONCLUSION

This paper proposed a new load impedance specification for
multistage dc power conversion systems. The proposed spec-
ification ensures aimed boundaries for the dc-link dynamics,
robustness, and stability of the system. The new specification is
less conservative and easier to implement, compared with the
existing specifications. This paper also presented procedures of
reshaping ill-conditioned load impedances to comply with the
specification. While the load impedance shaping is presented us-
ing a specific filter structure, the procedure can be extended other
filter topologies, including multistage filters and distributed fil-
ters for parallel load converters.

The procedures and benefits of the load impedance shaping
are experimentally validated. The impacts of the phase margins
of the minor loop gain, which are the most critical parameters
of the load impedance specification, are demonstrated focusing
on the intermediate dc-link dynamics.

APPENDIX

A. DC-Link Impedance Peaking

Referring to (1), the magnitude of the dc-link impedance is
evaluated as

|Zlink| = |ZoC | 1
|1 + Tmn | (27)

Fig. 12(a) depicts the evaluation of |1 + Tmn |. The vector length
|1 + Tmn | corresponds to the distance between the (−1, 0) point
and the (−|Tmn | cos θ, |Tmn | sin θ) point

|1 + Tmn | =
√

(1 − |Tmn | cos θ)2 + |Tmn |2 sin2 θ

=
√

1 + |Tmn |2 − 2 |Tmn | cos θ. (28)
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Fig. 13. DC-link dynamics with different load impedances. (a) Output impedance of the upstream converter and load impedances. (b) Polar plots of minor loop
gains. (c) DC-link impedances and fourth-order approximations. (d) DC-link impedances and second-order approximations. (e) DC-link voltage in response to
1-A change in ilink.

The decibel scale |Zlink| is given by

20 log |Zlink| = 20 log |ZoC |

+ 20 log
1

√
1 + |Tmn |2 − 2 |Tmn | cos θ

.

(29)

This expression is approximated as

20 log |Zlink| ≈

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

20 log |ZoC | : for frequencies

where |Tmn | � 1

20 log |Zo C |
|Tm n | = 20 log |ZL | :

for frequencies where |Tmn | 
 1

(30)
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Fig. 14. Experimental verification of dc-link dynamics. (a) Output impedance of upstream converter and load impedances. (b) DC-link impedances. (c) DC-link
voltages in response to 1-A change in ilink.

to provide the prediction of |Zlink| at the frequencies where Tmn

trajectory is remotely separated from the unit circle. However,
around ω1 and ω2 , where Tmn trajectory crosses the unit circle
with |Tmn | = 1, the expression (29) is needed to predict the
behavior of |Zlink|.

The second term in (29) becomes the magnitude of the peak
in |Zlink|. Fig. 12(b) shows the vector length |1 + Tmn | in the
neighborhood of the unit-circle crossover frequencies. In the
vicinity of ω1 and ω2 , |1 + Tmn | passes the minimum points
and exhibits the peaks. The magnitude of the peak at ω1 and ω2 ,
where |Tmn | = 1, is evaluated as

|peak1,2 | = 20 log
1

√
2 − 2 cos θ1,2

. (31)

B. Second-Order Approximation of DC-Link Impedance

In Section II-C, the dc-link impedance was approximated as
a second-order equation based on the low-frequency dynamics.
The main assumption of this approximation is the condition
ω1 � ω2 . This section discusses the accuracy of the approxi-
mation when the assumption ω1 � ω2 is not fully met. It will be
shown that the proposed approximation is reasonably accurate
and useful in predicting the transient response of the dc-link
voltage, when ω1 and ω2 are not remotely separated.

Fig. 13(a) shows |ZoC | of the upstream boost converter in
comparison with the four different load impedances |ZL |: Loads

A–D. The load impedances originated from the buck load con-
verter with four different line filter stages.

The polar plots of Tmn (s) with the four different loads are
shown in Fig. 13(b). As the impedance overlap intensifies, the
phase margins successively decrease, as predicted from the
phase characteristics of the impedances.

Fig. 13(c) compares the exact dc-link impedances |Zlink|
(thick colored lines) and the fourth-order approximations (thin
lines). The fourth-order approximations are formulated based
on the expression (5). The fourth-order approximation closely
predicts both the low-frequency and high-frequency dynamics
of |Zlink|.

Fig. 13(d) shows the second-order approximation of |Zlink|
based on (9). The approximated asymptotic plots match with
the first peak of actual dc-link impedances for Loads C and D,
where ω1 � ω2 condition is satisfied. As the impedance overlap
lessens, this approximation becomes less accurate because the
condition ω1 � ω2 is not fully met. Although there exist notice-
able differences between the predictions and actual impedances,
the second-order approximation provides relatively accurate
and useful predictions of the transient response of the dc-link
voltage.

The fourth-order and second-order approximations of the dc-
link impedances are converted into the transient response of
the dc-link voltage using MATLAB software and compared
with the results of the exact time-domain PSIM simulations
[26]. Fig. 13(e) displays the results of this analysis, where a
1-A change in ilink is assumed. The vlink waveforms produced
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from the fourth-order approximations produce both the high-
frequency and low-frequency behavior of the time-domain sim-
ulations. For Loads A and B, where the condition ω1 � ω2
is not fully met, some deviations can be observed. On the
other hand, vlink waveforms of the second-order approximation
only generate the low-frequency behavior of vlink. This analy-
sis shows that the second-order approximation of Zlink provides
reasonably accurate predictions for the low-frequency dc-link
dynamics.

Fig. 14 provides the experimental verification of the dc-link
dynamics with the four different load subsystems, Loads A–D in
Fig. 13. Fig. 14(a) shows the measured load impedances, while
Fig. 14(b) displays the dc-link impedances. The dc-link voltages
in response to 1-A change in ilink are shown in Fig. 14(c). Close
connections are found when Figs. 13 and 14 are compared.
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