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In switch-mode power converters with large ratings, it is important to be able to predict the parasitic resistances associated with
circuit elements such as electrolytic capacitor and filter inductor in the initial converter design stage itself to avoid the cost and time
associated with actual design, prototype fabrication, and testing of these components. Knowing the values of parasitic elements is
also important as they decide the possibility of closed-loop instability, besides affecting the other circuit parameters. In this paper,
a way to estimate the equivalent series resistance of electrolytic capacitor and the winding resistance of filter inductor is proposed
leading to their closed form expressions in terms of system parameters. Using these, procedure to predict the closed-loop instability
induced due to the input filter is exemplified with illustrative calculations.

1. Introduction

In particle accelerators, various magnets are used to bend,
focus, and steer the beam of high energy charged particles
such that the particles aremaintained on the desired path and
in the desired orbit [1]. These magnets, namely, dipole mag-
net, quadrupole magnet, sextupole magnet, and so forth, are
mostly electromagnets in which the magnetic field produced
is proportional to the current flowing in their coils.Therefore,
a large number of current controlled power supplies are used
to feed the coils of electromagnets. These magnet power
supplies, apart from being output current controlled, have
some special characteristics as compared to general purpose
power supplies. Since the strength and quality of themagnetic
field produced by the electromagnet depend on the current
passing through it, the output current stability of the magnet
power supply is required to be of the order of 10 to 1000
parts per million (ppm). The power supply is required to be
operated inDC, slow ramped, or pulsedmode and sometimes
required to track the set value. The load is inductive and
since it is always connected in the circuit the load resistance

variations are minor; small changes are induced only because
of the change in operating temperatures.

A large number of topologies have been used to develop
magnet power supplies. The choices of topologies depend on
the output power rating and other operational requirements.
Multipulse thyristor rectifiers [2], transistor series pass linear
regulators with preregulators, switch-mode power supplies
with high-frequency isolation transformer [3], and switch-
mode power converter with line frequency isolation [4–8]
have been generally used. Every architecture has its own
merits and demerits. The switch-mode power converter with
line frequency isolation (called the chopper-type converter) is
one of themostwidely used topologymainly due to simplicity
and ruggedness [4–8]. The block diagram of chopper-type
converter is shown in Figure 1.The converter is fed through a
rectifier which is followed by a second-order filter consisting
of inductance 𝐿𝑓 and capacitance 𝐶𝑓. A three-phase trans-
former (not shown in the diagram) precedes the rectifier to
step down the line voltage tomatch itwith the required output
DC voltage, 𝑉𝑜, and DC output current 𝐼𝑜 across the magnet
load with the AC mains voltage. An insulated gate bipolar
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Figure 1: Architecture of chopper-type converter used as a magnet power supply.

transistor (IGBT) is used as the switching device. Another
filter in the output consisting of inductance 𝐿 and capacitance𝐶 attenuates the switching frequency ripple produced by the
chopper stage. A damping branch with resistance 𝑅𝑑 and
capacitance 𝐶𝑑 is added to the converter to damp the 𝐿𝐶
filter. The magnet load is modelled by series combination of
resistance 𝑅𝑙 and inductance 𝐿 𝑙.

Since the input 𝐿𝑓𝐶𝑓 filter contributes significantly to
the overall size and weight of the converter, the conventional
shunt capacitor damping [9] is not used to damp the filter
resonance as the size of the damping capacitor and the overall
size of the filter will increase. Instead, the designers often rely
on the damping provided by the circuit parasitic components
such as capacitors equivalent series resistor (ESR), winding
resistance of the inductor, and the resistances offered by the
interconnections and joints. It is well known that the resonant
peak in the output impedance of the input filter in a switch-
mode converter can lead to the closed-loop oscillations if
it becomes more than the input impedance of the switch-
mode converter [10]. In this context, it becomes important
to investigate the sufficiency of the damping of the input
filter offered by the parasitic resistors associated with it,
before the converter is fabricated and tested. Besides, it is not
uncommon to standardize the converter design for a group of
magnets of different parameters to reduce the converter types
and spares. During testing, the converter is sometimes tested
with equivalent inductive load or even with the resistive load
as the actual magnet and the power supply are developed
almost simultaneously. Therefore, it would be useful to be
able to predict the possibility of closed-loop instability under
different loading conditions induced by the input filter at
the design stage itself. To be able to achieve this, it would
be necessary to predict the ESR of filter capacitor and the
winding resistance of the filter inductance at the design stage
itself, without necessitating carrying out the actual inductor
design or its prototype fabrication. In this paper an attempt
has been made to model the ESR of the capacitor in the form
of curve-fit equation using the datasheet values of commer-
cially available capacitors of two indicative makes. Further, a
methodology to predict the winding resistance of the filter
inductor using the various empirical relations given in [11]
is explained leading to a closed form expression. Finally, the
application of derived relationships to predict the stability of a
converter is exemplified with illustrative calculations. A pro-
totype magnet supply available in the laboratory that is based

Table 1: Parameters of the prototype supply.

Parameters Values
𝐼𝑜, 𝑉𝑜 100A, 20V
Input ac mains 415V, three-phase, 50Hz
Transformer 415 : 23V, DY11
𝐿𝑓, 𝑅𝑠𝑙 1mH, 2mΩ (measured)
𝐶𝑓, 𝑅𝑠𝑐 40mF, 4mΩ (estimated)
𝐿 50 𝜇H
𝐶 10 𝜇F
𝑅𝑑 2Ω
𝐶𝑑 20 𝜇F
𝑅𝑙 0.2Ω
𝐿 𝑙

Variable depending on
actual magnet load, 2.6mH

in the test setup

on the architecture shown in Figure 1 has parameters listed
in Table 1 which have been used to study the effect of these
closed-loop oscillations induced by input filter in this paper.

2. The Input Filter

Design of filter inductor is done to maintain continuous
inductor current with low ripple so as to improve the load
regulation of the output voltage, reduce the harmonics in
the input current, and improve the power factor [12]. The
value of filter inductance𝐿𝑓 is chosen tomaintain continuous
conduction mode till some value of the load current, called
the critical current, 𝐼cric [12]. It can be obtained as follows:

𝐿𝑓 = 0.013𝑉𝑙𝑙2𝜋𝑓𝐼cric , (1)

where 𝑉𝑙𝑙 is maximum line to line voltage and 𝑓 is line
frequency in Hz.

The value of filter capacitance 𝐶𝑓 is dependent on the
cut-off frequency 𝑓𝑐 which is dependent upon the ripple
attenuation as follows:

𝑉𝑟𝑉rect
= ( 𝑓𝑐𝑓ripple)

2

, (2)
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Figure 2: Input filter with parasitic resistances.

where 𝑉𝑟 is the ripple voltage at the output of 𝐿𝑓𝐶𝑓 filter,𝑉rect is the unfiltered rectifier voltage, and 𝑓ripple is the ripple
frequency at the output of the rectifier. The ratio (𝑉𝑟/𝑉rect) or
the attenuation required is governed by the allowable current
in the magnet load at the ripple frequency. Having decided
the value of filter cut-off frequency 𝑓𝑐, the value of filter
capacitor is defined by

𝐶𝑓 = 1
4𝜋2𝑓2𝑐 𝐿𝑓 . (3)

Figure 2 shows the input filter section of the circuit shown
in Figure 1. The ESR of capacitor, 𝑅𝑠𝑐, and winding resis-
tance of the inductor, 𝑅𝑠𝑙, are explicitly shown. The output
impedance 𝑍𝑜 of the filter in terms of the filter components
can be derived as follows:

𝑍𝑜 = 𝐿𝑓𝐶𝑓𝑅𝑠𝑐𝑠2 + (𝐿𝑓 + 𝐶𝑓𝑅𝑠𝑐𝑅𝑠𝑙) 𝑠 + 𝑅𝑠𝑙
𝐿𝑓𝐶𝑓𝑠2 + 𝐶𝑓 (𝑅𝑠𝑐 + 𝑅𝑠𝑙) 𝑠 + 1 . (4)

A typical plot of (4) is shown in Figure 3 exhibiting peaking
at the resonant frequency. The maximum output impedance,𝑍𝑜 (max), can be derived as

𝑍𝑜 (max) = 𝐿𝑓 + 𝐶𝑓𝑅𝑠𝑐𝑅𝑠𝑙
𝐶𝑓 (𝑅𝑠𝑐 + 𝑅𝑠𝑙) . (5)

As the large value of output impedance of the input filter
can deteriorate the audio susceptibility of the supply and
cause the closed-loop oscillations under certain conditions,
this filter has to be damped to reduce the peak resonance [9].
A common passive way of damping is to use shunt capacitor
damping [9], which is generally used in the damping of
the output 𝐿𝐶 filter of the chopper as shown in Figure 1.
The values of filter component are small, and the value and
size of additional damping capacitor 𝐶𝑑 become practically
manageable.

On the other hand, in case of the input filter, cut-off
frequency is typically 20–30Hz or lower if the output current
stability specification of the power supply is stringent. Since
the magnet power supplies are typically low-voltage high-
current type, the value of filter capacitance is already large
and it becomes practically difficult to provide shunt capacitor
damping. The damping, therefore, is solely offered by the
circuit parasitic components 𝑅𝑠𝑐 and 𝑅𝑠𝑙.
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Figure 3: Plot of (4) showing the variation of output impedance of
the input filter as a function of frequency (𝐿𝑓 = 1mH; 𝐶𝑓 = 40mF;𝑅𝑠𝑐 = 4mΩ; 𝑅𝑠𝑙 = 1mΩ).

3. Input Impedance of
the Switch-Mode Converter

It has been shown that a potential problem of closed-loop
instability arises when the output impedance of the input
filter becomes large than the input impedance of the switch-
mode converter. To study how this input filter affects the
overall response of the system, the effect of the input filter
impedance on the transfer function of the system has to be
taken into account. This can be done using Middlebrook’s
extra element theorem [9]. According to which the modified
transfer function of the system on addition of the extra
element can be deduced by

𝐺 (𝑠) = 𝐺𝑝 (𝑠) (1 + 𝑍𝑜 (𝑠) /𝑍𝑁 (𝑠))(1 + 𝑍𝑜 (𝑠) /𝑍𝐷 (𝑠)) , (6)

where 𝐺(𝑠) is the modified duty cycle to output transfer
function of the converter with input filter and 𝐺𝑝(𝑠) is the
duty cycle to output transfer function of converter without
the input filter given by

𝐺𝑝 (𝑠) = 𝑉𝑑 (𝑎1𝑠 + 1) (𝑎2𝑠 + 1)
𝑝1𝑠4 + 𝑝2𝑠3 + 𝑝3𝑠2 + 𝑝4𝑠 + 1 , (7)

where

𝑎1 = 𝐶𝑑𝑅𝑑
𝑎2 = 𝐿 𝑙𝑅𝑙
𝑝1 = 𝐶𝐿𝐶𝑑𝑅𝑑𝐿 𝑙𝑅𝑙
𝑝2 = (𝐶𝐿𝐶𝑑𝑅𝑑 + 𝐶𝐿𝐿 𝑙𝑅𝑙 + 𝐿𝐶𝑑𝐿 𝑙𝑅𝑙 )
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Figure 4: Plots of (9) and (11) showing (a) typical variation in 𝑍𝐷 and (b) typical variation in 𝑍𝑁 (𝐿 = 50 𝜇H; 𝐶 = 10 𝜇F; 𝐶𝑑 = 50 𝜇F;𝑅𝑑 = 2Ω; 𝐿 𝑙 = 2.6mH; 𝑅𝑙 = 0.1Ω).

𝑝3 = (𝐶𝐿 + 𝐿𝐶𝑑𝑅𝑑𝑅𝑙 + 𝐿𝐶𝑑 + 𝐿 𝑙𝐶𝑑𝑅𝑑𝑅𝑙 )

𝑝4 = (𝐿𝐶𝑑𝑅𝑑𝑅𝑙 + 𝐿
𝑅𝑙 +

𝐿 𝑙𝑅𝑙) ,
(8)

with 𝐿, 𝐶, 𝐶𝑑, 𝑅𝑑, 𝐿 𝑙, and 𝑅𝑙 being the converter parameters
shown in Figure 1.𝑍𝑜(𝑠) is the output impedance of the input filter given by
(4).𝑍𝐷(𝑠), also known as driving point impedance, is the
Thevenin equivalent impedance seen from the converter
input side with input set to zero [9]. For the converter shown
in Figure 1, it can be derived as follows:

𝑍𝐷 (𝑠) = 1
𝑑2 (

𝐴1𝑠4 + 𝐴2𝑠3 + 𝐴3𝑠2 + 𝐴4𝑠 + 𝑅𝑙𝐵1𝑠3 + 𝐵2𝑠2 + 𝐵3𝑠 + 1 ) , (9)

where 𝑑 is the duty cycle of the converter and,

𝐴1 = 𝐿𝐿 𝑙𝑅𝑑𝐶𝐶𝑑
𝐴2 = (𝐿𝐿 𝑙𝐶𝑑 + 𝐿𝑅𝑙𝑅𝑑𝐶𝑑𝐶 + 𝐿𝐿 𝑙𝐶)
𝐴3 = (𝐶𝑑𝐿 𝑙𝑅𝑑 + 𝐶𝑑𝐿𝑅𝑙 + 𝐶𝑑𝐿𝑅𝑑 + 𝐶𝐿𝑅𝑙)
𝐴4 = (𝐿 + 𝐿 𝑙 + 𝐶𝑑𝑅𝑙𝑅𝑑)
𝐵1 = 𝐿 𝑙𝑅𝑑𝐶𝑑𝐶
𝐵2 = (𝐿 𝑙𝐶𝑑 + 𝐿 𝑙𝐶 + 𝑅𝑙𝑅𝑑𝐶𝑑𝐶)
𝐵3 = (𝑅𝑑𝐶𝑑 + 𝑅𝑙𝐶 + 𝑅𝑙𝐶𝑑) .

(10)

𝑍𝑁(𝑠) is the impedance seen through the input port with
input voltage nulled to zero [9]. For the converter shown in
Figure 1, it can be derived as follows:

𝑍𝑁 (𝑠) = − 1
𝑑2 (𝑅𝑙 + 𝐿 𝑙 (𝑠)) . (11)

Typical plots of (9) and (11) are shown in Figure 4. From (9)
and (11) it can be inferred that both 𝑍𝐷(𝑠) and 𝑍𝑁(𝑠) are
dependent on the duty cycle of the converter.The closed-loop
instability occurs when output impedance of filter is greater
than the input impedance of SMPS [10]. As the duty cycle
of switch-mode converter is increased, 𝑍𝐷 and 𝑍𝑁 decrease.
Therefore, the highest duty cycle (𝑑 = 1) is considered as
the worst case for design. 𝑍𝐷 and 𝑍𝑁 also depend on the
inductance and resistance values of the magnet load. Figure 5
shows the plots of𝑍𝐷 illustratively for different combinations
of 𝑅𝑙 and 𝐿 𝑙 (𝐿 𝑙 = 100mH, 2.6mH, and 𝑅𝑙 = 0.1Ω)
superimposed on 𝑍𝑜 (𝐿𝑓 = 1mH; 𝐶𝑓 = 40mF; 𝑅𝑠𝑐 = 4mΩ;𝑅𝑠𝑙 = 1mΩ). The graphs with different values of load induc-
tance are shown to emphasize the effect of load inductance
on stability. From the plots it can be observed that a high
inductive load ensures the stability of the regulator because
the high inductance offers high input impedance even at the
low frequencies. However, with loads with lower inductance
and the pure resistive load, the system may become unstable.
Therefore, the resistive load case at the maximum duty cycle
becomes the worst case conditions as far as the possibility
of input filter induced oscillations is concerned. Thus the
condition for stability can be stated as follows:

𝑍𝑜 (max) ≤ 𝑅𝑙. (12)

Since the value of 𝑍𝑜 (max) given by (5) depends also
on 𝑅𝑠𝑙 and 𝑅𝑠𝑐 besides the values of 𝐿𝑓 and 𝐶𝑓, it would be
necessary to be able to predict 𝑅𝑠𝑙 and 𝑅𝑠𝑐 at the design stage
itself, without necessitating to carry out the actual inductor
design or its prototype fabrication.

4. Estimation of Capacitor ESR

Electrolytic capacitors are commonly used as the filter capac-
itor in the front end mains rectifier circuits. In this section an
attempt tomodel the ESR of filter capacitor is presented based
on the datasheet values of commercially available capacitors.
ESR of a capacitor is the sum of resistance of dielectric, plate
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Figure 5: Impedance of regulator with inductive and resistive load
(𝐿 = 50 𝜇H; 𝐶 = 10 𝜇F; 𝐶𝑑 = 50 𝜇F; 𝑅𝑑 = 2Ω; 𝐿 𝑙 = 100mH,
2.6mH; 𝑅𝑙 = 0.1Ω).

material, electrolytic solution, and lead terminals. During
the design of the filter the ESR values determine how much
AC ripple current can the capacitor withstand. The ESR of a
capacitor also depends on its value, voltage rating, maximum
datasheet temperature, type of construction, ripple current
rating, manufacturer, and so forth. Therefore, perhaps it is
difficult to obtain a unique relationship that would describe
the ESR of a capacitor as a function of its value alone.

The relationship between ESR and the capacitance value
is studied by analyzing datasheet values of various capacitors
of two representative makes (Make-X and Make-Y) rated for
100V, 200V, 450V, and 85∘C with screw terminals. Firstly,
the datasheet values of ESR of the individual capacitors are
plotted as a function of capacitance value for different voltage
ratings (as shown by the  and I markers in Figure 6). Sec-
ondly, it is a commonpractice to use capacitor banks inwhich
various capacitors are connected in parallel either because a
single capacitorwith required value, voltage rating, and ripple
current rating is not available or to increase the ripple current
rating or to reduce ESR. Therefore, the capacitor banks, in
which maximum up to 10 identical capacitors are connected
in parallel, are also considered. The calculated effective ESR
value of such banks is also plotted as a function of effective
capacitance (as shown by ◻ and ◊ in Figure 6). In principle,
the capacitor banks in which capacitors are connected in
series can also be considered for data generation. However,
such capacitor banks are not commonly encountered since a
magnet power supply is typically a low-voltage high-current
type and therefore not considered in Figure 6. The results are

Table 2: Values of coefficients 𝐴 and 𝐵.
Capacitor voltage rating 𝐴 𝐵
100V 3.1 × 10−4 0.79
200V 3.509 × 10−4 0.816
450V 3.864 × 10−4 0.769

summarized in Figure 6 for 100V, 200V, and 450V, screw
terminal electrolytic capacitors rated for 85∘C.

From Figure 6 it can be observed that the relationship
between 𝑅𝑠𝑐 and 𝐶𝑓 can be expressed in following general
form:

𝑅𝑠𝑐 = 𝐴𝐶(−𝐵)𝑓 , (13)

where coefficients𝐴 and𝐵 for different voltage ratings of elec-
trolytic capacitors of different voltage ratings are tabulated in
Table 2. By following the generalmethod described above one
can obtain the relationship between ESR and the capacitance
value for capacitors of the required voltage rating.

The ESR 𝑅𝑠𝑐 can be written in terms of system parameters
from (1), (3), and (13):

𝑅𝑠𝑐 = 𝐴(37.035𝑓𝐼cric𝜋𝑉𝑙𝑙𝑓2𝑐 )
−𝐵

, (14)

which further can be alternatively arranged as follows:

𝑅𝑠𝑐 = 𝐴(50𝑓 (𝐼cric/𝐼𝑜)𝜋𝑓2𝑐 )
−𝐵

(𝑅𝑙)𝐵 , (15)

where 𝐼𝑜 is the rated output current.Thus, the ESR of the filter
capacitor can be predicted from the above relationships.

5. Estimation of Inductor’s
Winding Resistance

Various empirical relationships that can be used to predict the
volume and surface area of an inductor are given in [11] based
on function of many parameters such as inductance value,
current, operating flux density, current density, temperature
rise, and core configuration. Using these relationships, the
following derivation is proposed to predict the winding
resistance of an inductor at the design stage itself using
various system parameters and without having to design the
actual inductor or to prototype it.

The value of input filter inductor 𝐿𝑓 is fixed based on (1).
The total energy stored by the inductor is related to the area
product 𝐴𝑝 given by [11]

𝐴𝑝 = (2𝐸 × 104
𝑘𝑢𝑘𝑗𝐵𝑚 )

1.14

, (16)

where 𝐵𝑚 is the maximum flux density (just before satura-
tion) and 𝑘𝑗 is a constant related to core configuration [11].𝐸 is
energy stored in inductor and 𝑘𝑢 is window utilization factor.

Energy stored in inductor is given by

𝐸 = 1
2𝐿𝑓𝐼2𝑜 . (17)
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Figure 6: Relationship between ESR and capacitance value of electrolytic capacitors obtained for (a) 100V (b) 200V and (c) 450V, screw
terminal electrolytic capacitors rated for 85∘C.

Substituting the value of 𝐿𝑓 from (1) in (17) we get

𝐸 = 1
2 (0.013𝑉𝑙𝑙𝐼2𝑜2𝜋𝑓𝐼cric ) . (18)

Now substituting the value of 𝐸 from (18) in (16) we get

𝐴𝑝 = ( 130𝑉𝑙𝑙𝐼2𝑜2𝜋𝑓𝐼cric𝑘𝑢𝑘𝑗𝐵𝑚)
1.14

. (19)

During operation, due to the presence of parasitic wind-
ing resistance 𝑅𝑠𝑙, some energy is lost in the form of heat.
Due to these copper losses the temperature of the inductor
increases. The rise in temperature, Δ𝑇, of surface area, 𝐴 𝑡,
is related to the copper losses incurred by the inductor as
follows:

𝐼2𝑜𝑅𝑠𝑙 = 𝐴 𝑡𝜓, (20)
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where 𝜓 is temperature constant given by

Δ𝑇 = 450 (𝜓)0.826 . (21)

Typically,𝜓 = 0.07 forΔ𝑇 = 50∘ and𝜓 = 0.03 forΔ𝑇 = 25∘C.
Further the surface area 𝐴 𝑡 of the inductor is also related

to the area product as [11]

𝐴 𝑡 = 𝑘𝑠√𝐴𝑝, (22)

where 𝑘𝑠 is a constant dependent on the core configuration.
The value of 𝑘𝑠 and 𝑘𝑗 for different types of core is given in [11].

Substituting value of 𝐴𝑝 from (19) in (22) we get

𝐴 𝑡 = 𝑘𝑠 ( 130𝑉𝑙𝑙𝐼2𝑜2𝜋𝑓𝐼cric𝑘𝑢𝑘𝑗𝐵𝑚)
0.57

. (23)

And from (20) and (23) we get

𝐼2𝑜𝑅𝑠𝑙 = 𝜓𝑘𝑠 ( 130𝑉𝑙𝑙𝐼2𝑜2𝜋𝑓𝐼cric𝑘𝑢𝑘𝑗𝐵𝑚)
0.57

. (24)

Hence the winding resistance 𝑅𝑠𝑙 of the filter inductor in
terms of the system parameters can be given as follows:

𝑅𝑠𝑙 = 𝜓𝑘𝑠 (𝐼𝑜)(−0.86) ( 130𝑉𝑙𝑙2𝜋𝑓𝑘𝑢𝑘𝑗𝐵𝑚𝐼cric)
0.57

. (25)

The above equation can be alternatively written in terms of
rated output power 𝑃𝑜 and rated output current 𝐼𝑜 as

𝑅𝑠𝑙 = 𝜓𝑘𝑠 (𝐼𝑜)(−2) ( 100𝑃𝑜2𝜋𝑓𝑘𝑢𝑘𝑗𝐵𝑚 (𝐼cric/𝐼𝑜))
0.57

. (26)

6. Predicting Possibility of
Closed-Loop Oscillations

The previous sections deal with the estimation of parasitic
resistors associated with electrolytic capacitor and filter
inductor. These parasitic resistors, along with other parasitic
resistors such as those of interconnecting wires and bus bars
and joints, offer damping to the filter. The other parasitic
resistance due to interconnections and joints can be neglected
safely as they will offer additional damping. If the damping
offered by 𝑅𝑠𝑐 and 𝑅𝑠𝑙 is sufficient to satisfy inequality of
(12) the closed-loop system will be stable; else the input filter
can induce closed-loop oscillations. This is exemplified with
illustrative calculations in this section for a converter whose
major parameters are listed in Tables 3 and 1. For the design
of input filter, the ratio (𝐼cric/𝐼𝑜) is used as an independent
variable. Electrolytic capacitors of 100V rating are considered
for estimation. The calculations are done using a spreadsheet
program with the following steps:

(i) Calculate 𝐿𝑓 using (1).
(ii) Calculate 𝐶𝑓 using (3).
(iii) Calculate 𝑅𝑠𝑙 using (25).
(iv) Calculate 𝑅𝑠𝑐 using (14).

Table 3: Parameters of converter for illustrative calculations.

Parameters Values
𝑉𝑙𝑙 23V
𝑓 50Hz
𝑓𝑐 25Hz
𝐵𝑚 1 T
𝑘𝑗 366 [11]
𝑘𝑠 39.2 [11]
𝑘𝑢 0.4 [11]
𝜓 0.03 [11]
𝐼𝑜 100A
𝑉𝑜 20V
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Figure 7: Variation of filter parameters with 𝐼cric.

The results of the calculations are summarized in Figure 7.
From Figure 7 it can be observed that as the value of critical
inductor current 𝐼cric increases the value of filter capacitance
increases as it is directly proportional to 𝐼cric, whereas value
of filter inductor and the parasitic resistances 𝑅𝑠𝑙 and 𝑅𝑠𝑐
decrease. This is due to the inverse relation between these
parameters and 𝐼cric. Next, the value of𝑍𝑜 (max) is calculated
from (5) and summarized in Figure 8. It can be observed
that as the value of critical current 𝐼cric increases the output
impedance of the system decreases. The critical condition
ariseswhen𝑍𝑜 (max) becomes equal to the resistance as given
by (12). In the present case, the converter will be stable if𝐼cric/𝐼𝑜 is chosen to be more than 0.07. To verify the results
of Figure 8, two illustrative operating points in the unstable
region (case I: 𝐼cric/𝐼𝑜 = 0.02) and the stable region (case II:𝐼cric/𝐼𝑜 = 0.1) are selected. Calculated values of the various
parameters are listed in Table 4. The plots of control-to-
output transfer function calculated using (6)–(11) and putting
parameters from Tables 1 and 4 for these two cases are shown
in Figure 9. It can be clearly seen that the system is unstable
in case I and stable in case II.
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Figure 9: Control-to-output transfer function of in (a) case I and (b) case II.

Table 4: Parameters for calculation of control-to-output transfer
function.

Parameter Case I Case II
𝐼cric/𝐼𝑜 0.02 0.1
𝑍𝑜 (max) 0.98Ω 0.11Ω
𝐿𝑓 476 𝜇H 95.2 𝜇H
𝐶𝑓 0.085 F 0.425 F
𝑅𝑠𝑙 3.4mΩ 1.3mΩ
𝑅𝑠𝑐 2.2mΩ 6.27mΩ

7. Conclusion

An ability to estimate ESR of electrolytic capacitors and
winding resistance of inductor used in front end input filter,
thereby enabling the prediction of possibility of a closed-
loop instability in a magnet power supply in the design stage
itself, is of great practical importance. A way to estimate
the capacitor ESR using datasheet values of commercially
available capacitors and winding resistance of the filter

inductor using empirical relationships is proposed in this
paper that resulted in closed form expressions used to identify
the stable operating region of the converter using simple
spreadsheet calculations.
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