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Abstract: Small-signal models of a buck converter working in the discontinuous conduction
mode that are available in the literature usually can be divided into those which contain
a single pole and refer to non-ideal converters and those that describe ideal converters and
contain two poles. Even though the models are noticeably different they have been validated
through simulations and measurements, which suggests both of them are correct. The
purpose of this paper is to provide a comprehensive comparison of the existing models with
transient simulations done in OrCAD software and through measurements, to show that both
of the mentioned models are true for a specific set of converter parameters, and to propose
a two-pole, control-to-output and input-to-output transfer functions of a non-ideal buck
converter, that can be used in any buck converter working in discontinuous conduction mode.
Key words: buck converter, control-to-output, input-to-output, small-signal model, transfer
function

1. Introduction

Small-signal models are fundamental in analysis of the dc-dc converters. The models describe
the behaviour of a specific converter based on its type (topology) and the mode of operation. They
provide information on converters’ dynamics and are essential for designing the classic control
system [ 1], that ensures the output voltage meets specific requirements. Over the years a few of the
modelling methods have been proposed. Every time a new method was introduced it was to try
a different modelling approach or to simplify the modelling process. However, the newest articles
show that there are still areas within the modelling of DC/DC converters that can be addressed
and improved [2, 3]. One of the most popular modelling techniques is the state-space averaging

© 2024. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
@ @ @ NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which per-
mits use, distribution, and reproduction in any medium, provided that the Article is properly cited, the use is non-commercial,

and no modifications or adaptations are made.



https://orcid.org/0000-0002-1839-2212
mailto:marcin.walczak@tu.koszalin.pl
https://creativecommons.org/licenses/by-nc-nd/4.0/

www.czasopisma.pan.pl P N www.journals.pan.pl

1026 M. Walczak Arch. Elect. Eng.

introduced in 1976 [4]. It was initially used to describe ideal converters working in the continuous
conduction mode (CCM). However, in the article it was mentioned that this technique can also
be used for converters working in the discontinuous conduction mode (DCM). The converters
working in DCM feature substantially different frequency responses than converters in CCM,
therefore they require an alternative modelling approach. However, in [5] it was noted that utilizing
the SSA technique in for DCM can produce inaccurate models if no modifications are done to the
SSA matrices. Moreover, the authors stated that models of buck and boost converters working in
DCM should include a second pole, which is located at high frequencies. Since then the resulting
models have been divided into reduced order models (including a single-pole transfer function),
full order models (that contain two poles) and corrected full order models (which include two
poles and take into consideration the proposed modification of the SSA matrices) [6,7].

Another popular modelling technique is PWM switch averaging [8,9]. However, there is also
an energy-conservation approach [10] and separation of the variable method [11]. All of the
techniques utilise the same steps, namely averaging, perturbation and linearization, and thus if
correctly applied lead to the same results — i.e. models that are an approximation of the actual
signals. As such their accuracy is limited. Usually, the models are assumed to be valid within 1/3
of the switching frequency [5, 7]. However even within the frequency window, the accuracy of
the models depends on their complexity. To increase the accuracy, various parasitic effects, such
as equivalent series resistances (ESRs), have to be taken into account. Therefore, the full order
models were derived including different parasitic resistances [12—16] and some of them utilized
a different diode model [17, 18]. The models that include all of the resistances can be found in the
literature [13, 17, 19]. However, in most cases, the models describe the behaviour of the converters
working in the continuous conduction mode. As it turns out, deriving small-signal models with the
parasitic resistances for the converters working in the DCM is much more complicated than doing
it for CCM - even for the basic buck or boost converters. Working with discontinuous conduction
mode has some disadvantages. The converters operating in DCM have higher current ripple than
those operating in continuous conduction mode. This leads to higher stress on the components
of the converter. However, DCM is still preferred for low-power applications since it is more
cost-effective and smaller in size compared to converters operating in CCM [20]. Some of the
existing papers contain results of the simulations that include the parasitic resistances [21-23],
however the presented formulas can be divided into two categories — papers that include single
pole transfer functions, and those that use two-pole models, however the models are presented
only as the initial formula and not the transfer function [7]. Nevertheless, both of the ideas (a
single-pole and two-pole models) are backed up with simulations and measurements that prove
their validity, even though in most cases they produce different results.

The purpose of this paper is to present and verify two-pole small-signal models of a buck
converter, that include the parasitic resistances of all of the converter components. Moreover, this
paper shows that the available single-pole and two-pole small-signal models are correct for specific
conditions (i.e. a specific set of converter parameters), and thus cannot predict the behaviour of the
converters if the conditions are not met, unlike the presented model. One of the models, namely
the control-to-output transfer function of a non-ideal buck converter working in the discontinuous
conduction mode, has already been presented in the PhD thesis [24]. However, because of the
language barrier, its range is limited, therefore it is being evaluated in this paper. The second
model input-to-output transfer function has never been published before.
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Section 2 describes how the presented models were derived using the separation of variable
method. Section 3 includes information on the simulation and measurement setup details. It
describes methods that have been utilised to acquire the presented frequency characteristics. The
comparison of the proposed model with the simulation and the measurement can be found in
Section 4. The section also includes the discussion of the results, which are followed by conclusions
in Section 5.

2. Derivation of the small-signal models

A single pole control-to-output transfer function of a buck converter working in the discontin-
uous conduction mode (DCM) can be derived through the assumption that the average voltage
across the inductor (over one switching cycle) is equal to zero [11]. If an ideal converter is the
subject to the derivation a single-pole small-signal model is achieved [25], sec.11.3. The model
features only a single pole and no zeros. This model is easy to derive but is not very useful for
practical implementation due to its accuracy. For better accuracy, the parasitic resistances of the
converter’s components have to be taken into account, which results in an additional zero in the
small-signal model. The location of the zero depends on the equivalent series resistance (ESR) of
the output capacitor [11]. This model has been proven to be correct, however according to [5,25]
a buck converter working in the DCM features a second pole, which also has been proven to be
true in [5]. However, the models presented there refer to ideal converters only. In [7] a two-pole
model with zero corresponding to the parasitic resistance of the output capacitor has been analysed
and confirmed, but the paper did not present the model in the form of a transfer function. To derive
the two-pole transfer function, which would include the parasitic resistances corresponding to all
components of the converter, the assumption stating that the average value of the inductor voltage
over a switching cycle is equal to zero, has to be changed. This will allow us to take the path that
will lead to a two-pole model.

In discontinuous conduction mode, one period of the switching signal can be divided into
three intervals (Fig. 1). The first interval corresponds to the ON phase of the transistor switch and
is directly related to the duty cycle d4. During this interval, the inductor current rises until the
switching signal changes its state to a low level at #;.

After the transistor switch is turned off, the inductor current starts to drop. The time between
t1 and the point when the inductor current reaches zero value at t, can be described as d1Ts. The
rest of the period between t, and Ts, where the inductor current is zero, can be described as
(1 —da — d1)Ts. Since the #; is known because of its direct relation to the PWM signal, only the
value d; has to be found and described using the parameters of the converter. Before doing that, it
is important to distinguish two values, namely an inductor current averaged over a specific interval
irav(on) and the inductor current averaged over the whole period iy ay — the visual explanation
is presented in Fig. 1. When those two values are established the modelling can start. For the
modelling process of a non-ideal buck converter, a circuit shown in Fig. 2 will be used. The circuit
includes parasitic resistances of the converter components. The complete list of the symbols used
in this section can be found in the Appendix (Table Al).
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Fig. 1. Current phases and current averaged values in discontinuous conduction mode: (a) PWM signal; (b)
inductor current
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Fig. 2. A nonideal buck converter

At first, all equations related to Kirchhoff’s laws can be written down. Thus, the voltage and
current equations can be written as (1)—(3).

viav = (VN —iravion) (Re + Rr) — vour) da + (—ipavorrn) (RL + Rp) —vour) di, (1)
vour — vc —icRc =0, 2

ir —ic —iour = 0. 3)

There are some unknown values in (1)—(3) that have to be represented by known values, and
so d; can be calculated using the peak value of the inductor current iz ¢, and the average value of
the inductor current calculated over the whole period iz 4. The peak value of the inductor current
irpk is an integral of the inductor voltage over time, divided by the inductance, and thus, after
including the parasitic resistances, it can be described as (4).

VIN —irav(oN) (Rr + RL) — vour

Ts. 4
3 daTs 4

ink =
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The average value of the inductor current calculated over the whole period T is represented
by (5) _
. LLpk
iLav = Tp(dA +dy). ()

The formula for d; can be calculated as a product of (4) and (5). By substituting (4) into (5)
and solving the equation for d; one gets (6),

.
dy = GILAV dy. ©6)

(vin — vout — iLavionRP) da

For simplification some of the values have been replaced by the following coefficients:

2L

Rg = —, (7
Ts

Rp = Rr + Ry (8)

The averaged inductor current calculated in the ON phase i7 oy (on) is equal to the half of the
inductor current peak value iy p, therefore by updating (4) using (7)—(8) we get:

. irpk  VIN —iravon)Rp — vour
ILAV(ON) = Tp = Ro da. )

Solving (9) for iz av(on) gives the final value for the inductor current averaged over the ON

phase
VIN — VoUT

RG + Rp d A A

Introducing (6)—(8) into (1) and stating that the average values of the inductor current in the
ON and OFF1 phase are the same i; oy (0N) = iLAv(OFF1), it is possible to calculate the formula for
the inductor voltage, that has been averaged over the whole period vr sy (11).

iLAV(ON) = (10)

RG (—iLavion)Rp — vour)

vLav = ( iLAV.- (11)

VIN — VoUT — iLav(oN)RP) da

Equation (11) is the first equation required for calculating the transfer functions. Equations (2)
and (3) can be used to derive the second formula. For this the output capacitor current ic in (2)
and (3) has to be substituted by a formula for the capacitor current (12). Next, the operation of
perturbation has to be performed on both of the equations. After linearization and calculating the
Laplace transformation, it is possible to solve one of the equations for v¢ (13). Subsequently, the
formula needs to be introduced to the Laplace transformation of (3), thus removing the value of
capacitor voltage vc out of the equation. As a result, we get (14).

dv.

ic = €2, (12)

_ Vou (s)
Ve ) = T3 5CRe” (13
Vc (S) — M (14)

" 1+ sCRc’
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Equation (14) is the second equation required for calculating the transfer functions. To move for-
ward (11) and (14) have to be presented in the form of (15) and (16). It can be noticed that (14) already
looks like (16) therefore the coefficients 8; — 84 can be easily determined. However, to get the coeffi-
cients @ — a4 in (15) it is required to calculate partial derivatives from (11) according to (17)—(20).

SLI; (s) = aid; (s) + @20 () + @3 Vou (5) + @4 Vin (5), (15)
scvout (S) = ﬁlll (S) + BZO (S) + ,83vout (S) + ,84Vin(s)a (16)
where:
dVL
-4 17
ai i, (17)
dVL
- L 1
123 ady (18)
d
@y = —, (19)
dvour
g = L (20)
dvin

When the coefficients are known, the formulas for transfer functions can be calculated directly
from (15) and (16):

_ Vour (s) Pt Ba(sL—ay)

Ha )= 250 |y o~ GC — o) 5L —an) - pras’ @D
Vout (5) Bras + Ba(sL —ay)

=/ = . 22

He @ = 3 ) oo ~ € = o) 5L —ar) - pras (22

The final version of (21) and (22) are given as (23) and (24), respectively. The formulas for the
coeflicients can be found in the Appendix (A.1-A.11).

K(KVinD% +R VourG)(sCRc+1)
CzLK?D? s>+(GLK?D%+C2z MR, KD +CGM;RcRpGDA)s+GMDa(RpG+RyKD4)’

(K2D%+RpGG)(sCRc+1)D s
CzLK?D? s>+(GLK?>D%+Cz MR, KD} +CGM|RcRpGDA)s+GM[DA(RpG+RyKDy)'

Hy(s) = (23)

Hy(s) = (24)

3. Materials and methods

3.1. DC-DC converter

To evaluate the small-signal models of a nonideal buck converter a transient simulation using
OrCAD has been performed. A general schematic of the converters is presented in Fig. 2. To
provide comprehensive results three converters with different component values were chosen for
the simulation. The component values were carefully selected for each converter so that all of
the chosen small-signal models could be evaluated. Thus, in the first converter, the inductor and
the output capacitor values were chosen to set the two poles relatively close to each other — the
low-frequency pole was set above 1/100 and below 1/10 of the switching frequency, whereas the
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high-frequency pole was set in the frequency range between 100 kHz and 300 kHz. This way the
second pole will still affect the measurements, which according to the literature can be done up to
1/3 of the switching frequency. It can be noticed that the output capacitance of the first converter is
relatively small however, small capacitances on the output of the converter can be found in the
literature [7,26] and are not uncommon, especially when the switching frequency and the inductor
values are relatively high. Nevertheless, such value of the output capacitance has been chosen on
purpose to show differences between the small-signal models. In the first converter, the potential
zero related to the small-signal model is far beyond the switching frequency, therefore its influence
on the frequency characteristics is negligible.

The second converter contains elements that set the first pole at lower frequencies — i.e. below
50 Hz so that the influence of the zero and the second pole could be observed on the frequency
characteristics. As for the zero and second pole they have been set in the vicinity of the switching
frequency, however, the zero is placed below the switching frequency and the second pole was set
above it. This way the phase characteristic should curve upward for frequencies larger than 10 kHz.

In the third converter, the first pole is set at low frequencies (below 50 Hz) and the second pole is
moved to high frequencies so that its influence on the frequency characteristics is reduced. The zero
of the small-signal model was set below 1/10 of the switching frequency fs. Table 1 contains all of
the component values used in the simulations and measurements. The values were determined based
on the measurements of physical components. The equivalent series resistances of the capacitors and
inductors were measured using an RLC bridge FLUKE PM6306, whereas the values of the transistor
and diode resistances were evaluated based on the measurements of the static characteristics.

Table 1. The values of the components used in the simulation

Name Symbol buck_1 buck_2 buck_3
Inductance L [uH] 95.8 90.8 32
Capacitance of the output capacitor C [uF] 1.1 108.8 330
Load resistance R1oap [€] 198 198 198
Diode - MBRS340 MBRS340 MBRS340
Transistor - NVDS5867NLT4G | NVD5867NLT4G | AP9962GH
ESR of the inductor R;, [mQ] 133.8 121 53
ESR of the capacitor Rc [mQ] 121 18.6 96la]
Rps(on) resistance of the transistor Ry [mQ] 39 39 20
Diode resistance Rp [mQ] 281 281 281
Input voltage of the converter ViN [V] 8 8 8
Switching frequency of the PWM signal |  fs [Hz] 100 000 100000 100000
CCM/DCM boundary resistancel?] Rerir [Q] 47.9 45.4 16

[a] Resistance of an electrolytic capacitor
[b] The smallest value of the load resistance that puts the converter into the DCM mode, calculated
according to [27]
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The small-signal models of a non-ideal buck converter working in DCM, which are presented
in this paper, were derived using a method presented in [5] and [21]. One of the models (control-
to-output) describes the relation between the averaged values of the converter’s output voltage
and the duty cycle d4 of the PWM signal that drives the high-side transistor. The second model
(input-to-output) describes the relation between the averaged values of the converter’s output and
input voltages. In contrast to other models that can be found in the literature, the presented ones
feature two poles and include the parasitic resistances of the converter components. Moreover, the
proposed models are presented in the form of a transfer function, which can be used for quick
analysis, simulations and design of the control system.

As mentioned before, the presented models are two-pole transfer functions that include parasitic
resistances of the elements used in a buck converter. The advantages of the two-pole models have
already been presented in the literature. However, the models that include only one pole are still
valid in some cases. To show all of the advantages and disadvantages of the models, three other
transfer functions have been chosen for the comparison — namely:

— single-pole model of an ideal converter [25], sec. 11.2,

— single-pole model of a non-ideal converter [21], sec. 5.3.7,

— two-pole model of an ideal converter [25], sec. 11.3.

3.2. Simulation

The most common way to test a small-signal model is to compare it to a simulation or
a measurement done in the frequency domain. Since the presented models are control-to-output
and input-to-output transfer functions, therefore two test circuits have to be used. The circuit
shown in Fig. 3 was used to simulate the control-to-output frequency characteristics. In this circuit,
the PWM control signal is generated as a combination of two voltage sources — a sinusoidal vy
and a sawtooth vsaw. The offset and amplitude of the sinusoidal signal determine the quiescent
value D 4 and perturbation amplitude d,(¢) of the PWM duty cycle respectively, as shown in Fig. 4.
Subsequently, the modulated PWM signal is fed to the switching element and thus influences the
output signal. The frequency of the vsaw determines the frequency of the PWM signal therefore it
is constant. Whereas the frequency of vsiy determines the perturbation frequency of the PWM
signal therefore it is changed for every point at the frequency characteristic.

Figure 5 was used to simulate the input-to-output frequency characteristics. The sinusoidal
component of the input voltage viy provides perturbation of the input voltage. The duty cycle is
constant throughout the whole simulation.

An ideal switch S1 shown in Figs. 3 and 5 was used to simulate the switching properties of
a transistor. The on and off resistances of the switch were set to 1 uQ and 1 MQ, respectively. An ad-
ditional resistance Rt was added in series to the switch to simulate the ON resistance of the transistor.

The simulations were done using OrCAD software that calculated the output signal voyr in
the time domain for various frequencies of the sinusoidal voltage source vgN.

An example of vgiy and voyt signals calculated in input-to-output simulation for a single fre-
quency is shown in Fig. 6. The mean values of the signals were removed to show the AC component.

It can be noticed that the output signal in Fig. 6 contains high-frequency harmonics. Those
harmonics correspond to the PWM signal and they exist in every converter. The amplitude of
the harmonics depends on the parameters of the converter. During the gain and phase shift
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Fig. 6. Result of input-to-output simulation showing: (a) input signal (viy); (b) output voltage

measurements, especially if they are done at higher frequencies, those harmonics become more
noticeable due to the decreasing amplitude of the output signal. This makes the measurement quite
difficult and requires using an indirect approach. To draw the frequency characteristics presented
in this paper, the input and output signals, related to a specific frequency, were analysed and
compared using the FFT method presented in [28]. The method uses FFT to extract information
about the amplitude and phase shift from the signals in the time domain. However, due to the
irregular point distribution in the waveforms produced by OrCAD software, the results of the
simulations had to be processed first, before feeding them to the FFT algorithm. The purpose
of the processing was to remove redundant points from the simulation and leave only data with
a constant sampling ratio (Fig. 7).

v(t)

(2)

TSPS

(b)

Fig. 7. The idea of removing the redundant samples from OrCAD simulation: (a) simulation result; (b) signal
with reduced number of samples
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To provide good accuracy the maximum step size during the simulation was set to 10 ns.
The data were gathered between 500 ms and 600 ms to ensure that the converter works in the
steady-state region. After the removal of the redundant points, the resulting data featured a constant
sampling frequency of 20 MSPS which enabled further processing.

3.3. Measurements

Measurements of the frequency characteristics were done using the same principle as for the
simulation i.e. by measuring the input and output signals in the time domain and using the FFT to
extract information on the amplitude and phase shift for specific frequencies. The measurement
setup featuring Tektronix AFG3022B generator, Tektronix MSO5104 oscilloscope, LPS-305 and
LPS-304 bench power supplies and load resistors mounted on a radiator, is presented in Fig. 8.

Fig. 8. The measurement setup

For the measurements of the H; transfer function, a TL3016 comparator was used to generate
the modulated PWM signal. The comparator features a 7.6 ns delay, which is small enough to not
affect the phase shift noticeably (at least within the measured frequency range). The circuit of the
PWM modulator is presented in Fig. 9. The sawtooth signal was connected to the positive input of
the comparator, which means that when the DC component of the sinusoidal voltage increased
the steady-state value of the duty cycle decreased. Therefore, to get the right value of the phase
shift the input signal had to be shifted by 180 degrees. Additionally, to minimize the influence of
current oscillations, that appear in DCM, on the frequency characteristics an RC snubber was used
in parallel with the diode.

Measurements of the H, transfer function required an additional circuit to provide a DC
voltage with an AC component. The AFG3022B generator did not provide enough current therefore
a voltage follower built with three OPA549 operational amplifiers with proper cooling was used.
The circuit featured 98 kHz bandwidth and over 3 A of a continuous current, which was sufficient
for the measurements of the H,, transfer function. The voltages were measured directly at the input
and output of the converter. The circuit of the voltage follower is presented in Fig. 10.
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Fig. 10. The circuit used for frequency characteristic measurements of the input-to-output transfer function

4. Results

4.1. Simulation and measurement results

The results of the calculations, simulations and the measurements of the control-to-output
transfer functions for the duty cycles of 0.1 and 0.4 are presented in Figs. 11-13 and Figs. 14-16,
respectively. The curves marked as 1 corresponds to the single-pole model of an ideal buck
converter. Curves marked as 2 represent the single-pole model of a non-ideal converter. Curves 3
refer to the two-pole model of an ideal buck converter. Whereas the curves 4 is the representation
of the proposed two-pole model of a non-ideal buck converter. The black circles on the figures
represent values acquired throughout the simulation done in OrCAD. The measurement results are
shown as the red dots.

The results of the calculations, simulations and the measurements of the input-to-output
transfer functions for the duty cycles of 0.1 and 0.4 are presented in Figs. 17-19 and Figs. 20-22,
respectively. The curves marked as 1 corresponds to the single-pole model of an ideal buck
converter. Curves marked as 2 represent the single-pole model of a non-ideal converter. Curves 3
refer to the two-pole model of an ideal buck converter. Whereas curves 4 are the representation
of the proposed two-pole model of a non-ideal buck converter. The black circles on the figures
represent values acquired throughout the simulation done in OrCAD. The measurement results are
shown as the red dots.
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model of a non-ideal converter; o — simulation results; e — measurement results
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Fig. 12. Control-to-output (H,;) frequency characteristics of the buck_2 converter working in DCM with

duty cycle D4 = 0.1. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; ¢ — measurement results
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Fig. 13. Control-to-output (H,;) frequency characteristics of the buck_3 converter working in DCM with

duty cycle D4 = 0.1. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole
model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; ¢ — measurement results
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Fig. 14. Control-to-output (H;) frequency characteristics of the buck buck_1 converter working in DCM with

duty cycle D4 = 0.4. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; ¢ — measurement results
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Fig. 15. Control-to-output (H,;) frequency characteristics of the buck_2 converter working in DCM with

duty cycle D4 = 0.4. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; e — measurement results
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Fig. 16. Control-to-output (H,;) frequency characteristics of the buck_3 converter working in DCM with
duty cycle D4 = 0.4. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole
model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; ¢ — measurement results
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Fig. 17. Input-to-output (Hyg) frequency characteristics of the buck_1 converter working in DCM with duty

cycle D4 = 0.1. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; e — measurement results
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Fig. 18. Input-to-output (Hyg) frequency characteristics of the buck_2 converter working in DCM with duty

cycle D4 = 0.1. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; ¢ — measurement results
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Fig. 19. Input-to-output (Hyg) frequency characteristics of the buck_3 converter working in DCM with duty

cycle D4 = 0.1. The curves correspond to: 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; e — measurement results
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Fig. 20. Input-to-output (Hy) frequency characteristics of the buck_1 converter working in DCM with duty

cycle D4 = 0.4. The curves correspond to 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; e — measurement results
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Fig. 21. Input-to-output (Hg) frequency characteristics of the buck_2 converter working in DCM with duty

cycle D4 = 0.4. The curves correspond to 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; ¢ — measurement results
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Fig. 22. Input-to-output (Hyg) frequency characteristics of the buck_3 converter working in DCM with duty

cycle D4 = 0.4. The curves correspond to 1 — single-pole model of an ideal converter; 2 — single-pole

model of a non-ideal converter; 3 — two-pole model of an ideal converter; 4 — proposed two-pole model of
a non-ideal converter; o — simulation results; e — measurement results
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4.2. Discussion

The results of the calculations show large discrepancies between the models. However, most
of the models, except for the single-pole model of an ideal converter, showed good consistency
with some of the simulation and measurement results.

Such consistency can be observed with the single-pole models of a non-ideal converter (curve 2)
and the simulation results shown in Figs. 13, 16, 19 and 22. The figures refer to the buck_3
converter which was designed in a way to move the second pole to much higher frequencies than
the switching frequency, therefore making its influence on the frequency characteristics negligible.
The zero of the transfer function, on the other hand, was set at relatively low frequencies which has
a strong impact on the characteristics. In this case, the single-pole model of a non-ideal converter
seems to be more accurate than the two-pole model of an ideal converter. However, when the
pole is moved closer to the switching frequency, its influence on the frequency characteristics
becomes noticeable as in the buck_2 example shown in Figs. 12, 15, 18 and 21. In this case, neither
of the two models can predict the frequency characteristics. Better accuracy in this case can be
observed with the single-pole model of an ideal converter (curve 1). Finally, when the second pole
is moved to relatively low frequencies and the zero is set at high frequencies, as in the buck_1
converter, the two-pole transfer functions of an ideal converter start to show good consistency
with the simulation and measurement results (Figs. 11, 14, 17 and 20).

The single-pole model of an ideal converter didn’t predict the behaviour of any of the simulated
converters however, if the components were chosen differently this model could also be validated.
On the other hand, the proposed control-to-output and input-to-output transfer functions (curves 4
in Figs. 11-22) show good consistency with all of the simulations and measurement results.

It can be observed that based on the element values used in the converters (the position of
the poles and zeros) it is possible to design a converter that could be described with a single-pole
model that includes non-ideal elements (Figs. 19 and 22), or a two-pole model of an ideal converter
(Figs. 17 and 20). The single pole model of an ideal converter is not accurate with any of the
measured converters since it doesn’t include the second pole, nor the zero related to the ESR of
the output capacitor. However, if different component values were chosen, it would be possible to
design a converter that could be described with the model. Nevertheless, it can be noticed that the
measured characteristics show good consistency with the proposed model for all of the measured
converters, even for specially designed case presented in Figs. 12, 15, 18 and 21. Therefore it
can be stated that the proposed models can predict the behaviour of the simulated converters,
regardless of the relation between the poles and zeros of the transfer function. Some discrepancies
can be observed between the model and the simulation and measurement results. The differences
can be related to the limited resolution of the oscilloscope (especially at high frequencies where the
signal-to-noise ratio is small), and the accuracy of the model. The model is an approximation of the
real system, and even though it takes into account the nonlinearities of the system (by performing the
linearization step) it still can be affected by the nonlinearities related to the semiconductor elements.

5. Conclusions

This paper presents small-signal models of a non-ideal buck converter, working in discontinuous
conduction mode. The presented formulas include the input-to-output and control-to-output transfer
functions, which are compared with the frequency characteristics acquired through OrCAD
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simulations and by measurements. The results presented in this paper show that existing models in
form of transfer functions can predict the behaviour of a buck converter for specific conditions only.
The specific conditions are related to the position of the poles and zeros in the transfer functions.
The location of the second pole can be calculated using well-known two-pole model of an ideal
converter. However, the zero exists in the transfer function only when ESR value of the output
capacitor is taken into consideration. The simulations and measurements show that the location
of zero has a significant impact on the frequency characteristics. By moving the poles and zeros
it is possible to design a converter that can be described using transfer functions that exist in the
literature. However, the results presented in this paper show that none of the existing models can
predict the frequency characteristics of the second converter used in the simulation (buck_2), except
for the proposed models. It was presented that the proposed models feature good consistency with
all of the simulation results, regardless of the converter parameters. The impact of the other parasitic
resistances on the frequency characteristics was not measured and is left for future evaluation.

A. Appendix A

This section includes the list of symbols used in the paper (Table A1) as well as the coefficients
of the proposed transfer functions.

Table Al. List of the used symbols

Symbol Description
dg Large-signal value of the duty cycle
Dy Quiescent value of the duty cycle
da Small-signal value of the duty cycle
0(s) Small-signal value of the duty cycle in ‘s’ domain
ION Time interval when the transistor switch is ON
Ts Period of the PWM signal
fs Switching frequency of the PWM signal
irLAV Average value of the inductor current, calculated for a single period
iLAV(ON) Average value of the inductor current, calculated for the ON phase
i1 AV(OFF1) Average value of the inductor current, calculated for the OFF1 phase
iLpk Peak value of the inductor current
Ii(s) Small-signal value of the inductor current in ‘s’ domain
Ry Equivalent series resistance of the inductor
Rt Equivalent series resistance of the transistor switch
Rc Equivalent series resistance of the output capacitor
Rp Equivalent series resistance of the diode

Continued on next page
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Table A1 — Continued from previous page

Symbol Description
R1.0AD Resistance value of the load resistor
VIN Large-signal value of the input voltage
VIN Quiescent value of the input voltage
Vin Small-signal value of the input voltage
Vin(s) Small-signal value of the input voltage in ‘s’ domain
VOUT Large-signal value of the output voltage
VOUT Quiescent value of the output voltage
Vout Small-signal value of the output voltage
vout(s) Small-signal value of the output voltage in ‘s’ domain
My The ratio between the output and input voltage
My The ratio between the input and output voltage
® Phase shift between the sinusoidal signal vgpy and output voltage
Hy(s) Control-to-output transfer function
Hg(s) Input-to-output transfer function

All of the coefficients that exist in (23) and (24) can be calculated using Formulas (A.1)—(A.11)

G = ! ,
RLoap
CZZC(1+GRc),
2L
RG:T_S’
1 Ty
_E_ﬁ’
Rp =Ry + R, = Rp + Ry,

RpG = DaRp + Rg,

Gz

Ga = DAGz,
My = Vour _ 2 ,
Vi (R G+1)(1+\/1+4—
d Ga(RpG + 1)
M; = L,
My
K=M -1,

Ry = RV 1R
y = GDA p-

(A1)
(A2)

(A3)

(A4)

(A.5)
(A.6)
(A7)

(A.8)

(A.9)

(A.10)

(A.11)
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