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Introduction

Step up/down converters exhibit a number of interesting proper-
ties that make them attractive for different applications. The key
feature of these converters is the ability to operate with a wide
range of input voltages, which can be lower or higher with re-
spect to the output voltage. Low voltage battery powered devices
such as PDAs make use of the flexibility of these converters to
fully exploit Li-Ion batteries [1]. Automotive applications need a
power conversion stage that is able to supply different loads with
a regulated voltage while withstanding severe line transients due
to battery voltage fluctuations [2]. As an example [3], typical re-
quirements for an automotive stereo system power supply are an
input voltage varying in the range 10V —40V and a regulated out-
put voltage of 15V. Stand-alone PV systems [4], [5] also benefit
from the use of step up/down converters. Indeed, a stand alone
PV system almost invariably requires the use of battery for energy
storage to supply the load when the power from the PV panel is
either absent or too low. Hence, the ability to follow the charge
profile of the battery is mandatory. On the other end, the use of
Maximum Power Point Tracking (MPPT) algorithms require the
input voltage of the PV converter to vary, in order to match the
characteristic of the panel.

The simplest step up/down power converters are the buck-boost
and the flyback [3], [38], [39]. Low components count, well under-
stood dynamics properties and easy implementation using com-
mercially available ICs are the main advantages of these convert-
ers. Due to the presence of a transformer in the power stage,
flyback converters can be easily turned into an isolated power sup-



ply. Hence, they are widely used to realize power factor correctors
(PFC) [6]-[7]. The possibility to add multiple secondary windings
to the transformer allows to realize multiple outputs and auxiliary
power converters in more complicated supplies [8]. Buck boost
converters are used in applications where the input voltage needs
to be inverted, and in LED lighting applications [9]. However,
both converters also suffer from some drawbacks. The most ob-
vious limitation is that both the input and the output capacitors
have to sustain a high frequency pulsating current. In both con-
verters, the input voltage source is periodically disconnected, as
in a buck converter. This requires the addition of bulky input
capacitors (usually electrolytics) and possibly the use of an input
inductance to reduce the harmonic content injected towards the
source. The output load is also periodically disconnected from
the power supply, as in a boost converter. Big output capacitors
and/or additional filters are required to match load specifications
and to reduce noise. Among other step up/down power supply
topologies, the SEPIC (Single Ended Primary Inductance Con-
verter) and the Cuk converter (so named after its inventor) are
gaining widespread acceptance in the literature and in the mar-
ket. Both converters are characterized by the presence of an input
inductance, which reduces the RMS content of the input capac-
itor current. For a given application, the use of SEPIC or Cuk
converters instead of a flyback converter may allow the reduc-
tion of the size and capacitance of the input capacitors. Hence,
although both SEPIC and Cuk converters make use of an addi-
tional inductor and of an additional capacitor if compared with
flyback or buck-boost, the reduced size of input and output filters
may allow to obtain comparable power densities [3]. Also, with
respect to the flyback converter, stress on the power components
is reduced. For low and medium power applications, a complete
AC/DC power supply with PFC can be realized using the SEPIC
and the Cuk converter [10], [11], [12], [19], [20]. Multiple outputs
power supplies can also be realized [8]. The Cuk converter has the
additional benefit of an output inductance which is directly con-
nected to the load, as in a buck converter. Applications of the Cuk



converter to drive LED loads are numerous, both in DC/DC and
in AC/DC applications [13]. As the output inductance is directly
supplying the load, the need for an output capacitance is mini-
mized in LED lighting applications. This imply an extremely fast
dynamic responses to load transients, thereby allowing the use of
high frequency dimming techniques to control the LED power out-
put [15]-[16]. PV systems based on the SEPIC [4] take advantage
of the presence of the input inductance to reduce the PV panel
current ripple while minimizing the size of input filters. Both in
LED lighting and PV applications the reduction of the size and
value of input and output capacitance is a crucial point. This is
because the PV panel is a power source with an estimated lifetime
of more than 20 years, while LED estimated lifetime goes up to
100.000 hours, compared with a life cycle of 2.000 hours of conven-
tional light sources [14]. The expected lifetime of a complete LED
lighting system, or of a PV system, is then conditioned by the
power conversion apparatus. From this point of view, the replace-
ment of electrolytic capacitor with more resistant ceramic ones is
of great importance, as the former often constitute the weakest
elements of the power stage [16], [17], [21].

The four switch non inverting buck boost topology is also gaining
popularity in step up/down applications [1], [18]. However, it re-
quires at least two control switches and two diodes. One of the
control switch needs an high side driver (as in conventional buck
boost). Four control switches and two high side drivers are needed
in its synchronous rectifier realization.

One of the major drawbacks of SEPIC and Cuk converters lies in
their complicated fourth-order dynamic behavior [26], [49], [50].
The design of such converters guaranteeing stable dynamic be-
havior in presence of a wide input voltage range may be a chal-
lenging task, especially if Peak Current Control (PCC) is applied
[41], [46]-[48]. PCC [38], [39] is widely used because of its ben-
eficial effects in terms of the rejection of line disturbances, and
because it tends to simplify the dynamic of the controlled con-
verter. Due to a feedforward effect of the input voltage in the
current loop, peak current controlled converters exhibits a fast re-



sponse with respect to line transients events. This makes the use
of this control strategy attractive for a great number of applica-
tions, e.g. automotive applications. Another important feature
is that PCC implements a cycle-by-cycle limitation of the current
peak in the control switch. Hence, potential overload and short
circuit conditions are detected by the current controller without
the use of additional external circuitry. Paralleling converters for
current sharing purposes is also easily accomplished using PCC.
PCC is also suitable to realize PFCs up to several hundreds Watt
[10]. Accurate modelling of the current loop is needed to prop-
erly design stable current controlled converters [27]-[37]. Some
simplifying assumptions found in literature [38], [46] may lead to
unpredicted instability phenomena if applied to current controlled
fourth-order converters [42]-[44], [47], [48], [52].

In this dissertation, both large signal and small signal averaged
models of SEPIC and Cuk converters are analyzed. A novel re-
fined small signal model of the peak current controller is derived
to remove some approximations usually found in literature when
dealing with fourth-order step up/down converters. A numeri-
cal investigation of PCC-SEPIC stability boundaries with respect
to line voltage variations and to the value of power stage pas-
sive components is presented. Such investigation is done using
a complete averaged small signal model of the converter. Based
on the results, possible design guidelines to obtain both a stable
PCC-SEPIC and a desired dynamic behavior with respect to line
transients are given. A reduced-order small model of peak current
controlled SEPIC and Cuk converter is also proposed. The use
of such model allows to derive analytical stability boundaries for
both converters, and to further highlight the joint impact of power
stage passive components and of the current controller character-
istics on stability. Impact of losses on stability predictions is also
discussed. Comparisons with complete full order models are given
for both SEPIC and Cuk. Simulations and experimental verifica-
tions prove the validity of the results.

The dissertation is organized as follows. In chapter 1, a review
of SEPIC and Cuk topologies is given, together with comparisons



with flyback and buck boost and a brief overview of PCC tech-
nique. In Chapters 2 and 3, the small signal model of PCC SEPIC
is derived. A new and refined model for the current controller is
discussed and a new reduced-order model is presented. Stability
boundaries for PCC SEPIC are derived. The small signal model
and the analytical stability boundaries for PCC-Cuk are derived in
Chapter 4. In Chapter 5, experimental validations that supports
the proposed results are given.






Chapter 1

A review of step up/down
converters and of Peak
Current Control

1.1 Step up/down converters

Schematics of flyback, buck boost, SEPIC and Cuk converters are
shown in Fig. 1.1 - Fig. 1.4. Parasitics elements are neglected.
The blue and red arrows highlight continuous and discontinuous
current paths respectively. Notice that the input current is con-
sidered continuous. This is true in the hypothesis that a sufficient
amount of inductance is present on the line. As this assumption
is a worst case condition for the sizing of input capacitors, it is
usually assumed to be valid when designing a converter without
precise knowledge of the source and line impedance.

In the hypothesis of converters running in Continuous Conduc-
tion Mode (CCM), the steady state voltage conversion ratio M
can be expressed in terms of the control switch Q nominal duty
cycle D = t;—", where T is the switching period and t,, is the
fraction of the switching period during which the control switch
is in its on state. Imposing Volt-second balance on the inductors,
and neglecting losses, ideal voltage conversion ratio can be eas-
ily derived. Results for the flyback, buck-boost, Cuk and SEPIC
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converters are summarized in table 1.1. The minus sign in buck
boost and Cuk voltage conversion ratio imply that the polarity of
the output voltage is inverted with respect to the input voltage.
n is the secondary to primary turns ratio of the flyback trans-
former. For lossless converters, input and output power are equal.

Table 1.1 Ideal voltage conversion ratio M

Flyback converter n%

Buck-boost converter f%
D

Cuk converter -1
SEPIC converter %

It follows that:
]in o V;mt
Iout N ‘/z

The voltage V, ¢ across power switches during the off state is equal
to Vi, + V,u for buck boost, SEPIC and Cuk converters. For the
flyback converter, the voltage across the control switch is V,rr g =
Vin + %ut%y while the voltage across the diode is V¢ p = nVj, +
V,ut. Notice that resonances due to parasitics reactive elements
may cause the instantaneous voltage across the switches to rise well
above the nominal V, ;¢ values, thus increasing the voltage stress.
This is a relevant issue in the flyback converter, where resonances
among the leakage inductances of the power transformer and the
stray capacitances of silicon devices and of the transformer may
cause severe voltage peaks on the switches during commutations.
In SEPIC and Cuk converters, the instantaneous voltage stress is
reduced due to the beneficial effects of the coupling capacitance
Cs. The average voltage V; across capacitance Cj is

=M.

‘/s = ‘/ina
for the SEPIC converter, and

Vs = Vin + Vour,
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for the Cuk converter. For all converters, the average control
switch current is equal to the average input current [;,, and the
average diode current is equal to I,,. In SEPIC and Cuk con-
verters, [I;, and I, are also equal to the average currents flowing
in the input and output inductors respectively. It is useful to de-
fine the quantity [,, as the sum of the input and output average
currents: I,, = I + Lous.

1.2 Peak current control

Peak Current Control (PCC) is widely used in DC/DC convert-
ers operating at fixed switching frequency f;. With this type of
control, the peak of the control switch current is regulated via
an analog comparator during each switching period. For basic
buck, boost and buck-boost converters, the control switch current
is is identical to the current that flows into the inductor during
its charging phase. Hence, the control switch current has a finite
positive slope that depends on the inductance value and on the
voltage applied to the inductor during the on-time. In SEPIC
and Cuk converters, the control switch current is equal to the
sum of the inductors currents during t,,. PCC has the benefit
of very simple implementation: first, an external clock turns on
the control switch at the beginning of each switching period. The
controller then turns off the switch when its current reaches a ref-
erence value. Such reference value is almost always derived from
some other variable of the converter that needs to be regulated
to a predetermined value (e.g. the input current or the output
voltage). Fig. 1.5 shows a typical application of PCC to a SEPIC
converter, where the output voltage is regulated. As shown in Fig.
1.5, the switch current is translated into a voltage, Vi,,, using a
transducer having gain A,. The simplest way to implement this
scheme is using a sensing resistor. Vj,s is then compared to the
signal v. —Urqmp. The control signal v, is related to the error signal
between the actual output voltage and a predetermined set point.
Hence, PCC can be modelled as a double control loop scheme,
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Figure 1.5 Peak Current Controlled SEPIC

where an inner loop, the current loop, and an outer loop, the volt-
age loop, can be identified. As widely reported in literature, the
control loop is inherently unstable for duty ratios D > 0.5. To sta-
bilize the current loop, the ramp signal v,4, is subtracted to v,
[27]-[38]. This procedure is usually referred to as ”ramp compensa-
tion”. To explain the unstable behavior of the current loop, signals
v, and Vi, are represented in Fig. 1.6, for a converter operating
in Continuous Conduction Mode (CCM) without ramp compen-
sation. The trapezoidal waveform represents Vi,s. The slope M,
is proportional to the inductor current slope during t,, = DTy,
via the current sensor gain A,. The inductor current during the
off time of the control switch is also represented, scaled by the
same gain A,. In steady-state operation, the volt-second balance
on the inductor imply that My D = My(1 — D) is satisfied. Fig.
1.7 show what happens to the inductor current waveform when
a perturbation is present. As the control switch is turned on at
the beginning of each switching period by the external clock sig-
nal, perturbations in the inductor current determine oscillations
on the value of the duty cycle D. In [38], a simple geometrical
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Figure 1.6 Control voltage v. and sensed voltage V,s in PCC without
ramp compensation

procedure is used to demonstrate that the oscillations in the duty
cycle value tend to decrease if D < 0.5, while D > 0.5 will cause
oscillations to increase indefinitely. This phenomenon is usually
referred to as "subharmonic oscillations”, as the frequency of duty
cycle oscillations is equal to % The same waveforms with the
addition of ramp compensation are shown in Fig. 1.8. The slope
—M, determines the amplitude of the voltage ramp. The ramp
compensation technique allows to increase the maximum value of

D below which stability of the current loop is ensured. Indeed, if

M,
~e . 1.1
g, 05 (1.1)

the current loop is stable for any value of D [38]. The increase of
M, above the minimum value (1.1) allows to reduce the settling
time of the duty cycle oscillations. As noise is always present in
switched converters, the use of a compensating ramp is recom-
mended also when the converter always operates with D < 0.5,
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to damp the duty cycle oscillations around its nominal operating
value.

1.2.1 Current loop small signal models

A major benefit of PCC is that its application tends to simplify
the dynamics of the controlled converter. The reason for this is
that the peak of the inductor current is forced to follow the con-
trol signal v.. Under the simplifying hypothesys that the inductor
current ripple can be neglected, this means that the average value
of the inductor current equates the control signal v., scaled by
the gain A,. Hence, at low frequencies (well below the swicthing
frequency), the inductor of a current controlled converter can be
represented as a voltage-controlled current source. Considering a
second order converter such as the buck or the boost converter,
application of peak current control makes the control-to-output
gain appear as a first order transfer function, where only the pole
due to the output capacitor is present instead of a complex con-
jugate pole pair due to the interaction between the inductor and
the output capacitor. However, as the inductor current actually
differs from its peak value, the second pole due to the inductor
is still present and acting at frequencies between % and 2;:5 28].
The presence of two real poles instead of a complex conjugate
pole pair helps the design of the outer voltage loop compensation.
Although in [28] and [38] small signal linear models of current
programmed converters are given, such models do not allow to
predict the subharmonic oscillations at % Due to the presence of
an analog comparator and of a Set-Reset Flip Flop (see Fig. 1.5)
in the current loop, peak current control is essentially a sample
and hold system, where the value of the switch current 7, is sam-
pled with frequency f;. As a result, modelling the current loop
with the usual averaging techniques leads to inaccuracies in the
predicted frequency response around the Nyquist frequency [36].
Extensions of the averaged model to include sampling effects in
the usual continuous time model of PCC are given in [29]-[31].
The sampling effect is accounted for by inserting a delay block
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in the current loop. The discrepancies in the models proposed in
literature are essentially due to where this delay block is inserted
in the current loop. An analysis of the discrepancies among these
models is given in [27] and [32]. Although the models resulting
from [29]-[31] may predict quite different behaviors in the high
frequency range, results below the Nyquist frequency are almost
identical. Accurate sampled data models of the current loop may
be obtained, e.g. [36]. However the results, while quite useful in
a CAD based environement, may not give easy-to-handle design
equations readily available for the designer. It should also be noted
that the accuracy of averaged models of the power converter itself
is reduced above the Nyquist frequency. In this dissertation, as
the object of the investigation are phenomena located well below
the Nyquist frequency, the sampling effect is neglected, and the
model proposed in [38] is adopted. According to [38], the small
signal relationship between the duty cycle d and the control signal
U, 18:
1 5 D*T, . (1 - D)T, .

St — ). (12)

Variable 7;, may represent the inductor current in converters with
a single inductor, e.g the buck converter, of the linear combina-
tion of inductors currents. Quantities m; and my are related to
the small signal variations of the voltage across the inductor (or
across the inductors) during the charging and discharging phases
respectively. As m; and my are linear combinations of input and
output voltages and of voltages across capacitors of the convert-
ers, they can be regarded as the combination of input variables
and state variables of the LTI model of the converter. %L is also
a linear combination of state variables. The block diagram shown
in Fig. 1.9 represents the small signal model of a generic DC/DC
converter with peak current control. Z is the state vector of the
LTI model of the converter. The inner current loop and the outer
voltage loop can be easily identified. Note that the output volt-
age is included in the state vector . This is striclty true only if
the parasitic ESR of the output capacitor is neglected, so that the
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Figure 1.9 Small signal model of peak current controlled DC/DC

converter

output capacitor voltage v¢, is coincident with the output voltage
v,. However, losses of power components are usually neglected
when deriving expressions for m; and gy [27]-[36]. The quantity
F,, is usually referred to as the current loop gain, and it is inde-
pendent from the topology of the controlled converter. C), and E,
are vectors of coefficients that relates the input voltage and the

state vector to the duty cycle.






Chapter 2

Small Signal Model of
PCC SEPIC

Stability analysis and linear control design of PWM dc-dc switch-
ing regulators are commonly based on small-signal low-frequency
averaged and linearized ac models of power converters and con-
trollers. State-Space Averaging (SSA), PWM Switch and circuit
averaging techniques [22], [23], [38], [39] are mostly used to derive
such models. Deep discussions on the stability analysis of current-
mode controllers is found in power electronics literature [27]-[36].
Stability issues regarding SEPIC are among the most puzzling
ones in the context of dc-dc switching regulators. It is well known
[24], [25], [49], [50] that the open loop SEPIC small-signal duty-
to-output voltage gain GG,4 exhibits two resonant peaks, due to the
presence of two couples of complex conjugates poles. Moreover,
Gq is characterized by a couple of complex zeros that can be lo-
cated either in the Right Half Plane (RHP) or in the Left Half
Plane (LHP), and by the real RHP zero typical of boost-derived
dc-de converters. Studies regarding specifically the PCC-SEPIC
stability have been presented [41]-[46], highlighting that the PCC-
SEPIC is more prone to instability when it operates in boost mode
with high voltage conversion ratio. In particular, [41] shows that
for a given SEPIC design there may exists a threshold for the in-
put voltage V;,, below which instability occurs and that stability
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is recovered if the ratio between the output inductance L, and the
input inductance L; is increased. In the following, the open loop
SEPIC small signal model properties are reviewed, and a refined
small signal model of the current controller is presented. In chap-
ter 3, a novel reduced-order lossless model that allows to derive
analytical stability conditions for PCC-SEPIC is proposed. The
impact of losses on stability is also discussed. A complete small
signal model that includes the aforementioned refined control law
is derived. The impact of the power stage reactive components on
PCC-SEPIC dynamics is highlighted through the use of a numeri-
cal procedure. The role of the coupling capacitor in ensuring both
stability and good dynamic performances in presence of line tran-
sients events is investigated. The application of a damping tech-
nique [51] based on an additional resistance-capacitance branch is
shown.

2.1 SEPIC open loop small signal model

Fig. 2.1 shows the schematic of a PCC-SEPIC. Assuming that the
converter is operating in Continuous Conduction Mode (CCM),
the small-signal linearized ac model of the switching cell can be
obtained by means of circuit averaging, SSA technique or PWM-
switch model [22], [23], [38], [39] applied to the two-port model
based on variables vy, v, i1, 75:

o — { Rasir, - te[0, DT (2.1)
Vs + Vo + Vg + Ryip t € [DTs, Ty
sl e
a= {0 il 23
!

Let us denote with (z) the local average of the generic switching
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vin

Figure 2.1 PCC SEPIC schematic
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cell variable z(t) over the switching period T [39]:

t
(z) = = / o(r)dr. (2.5)
Ts t—Ts
By definition, (z) is still a function of time. The integral operator
acts as a low-pass filter on the variable z(t), removing the har-
monic content at the switching frequency. If the converter output
voltage is well regulated and if 7;, and v, can be considered con-
stant over the switching period T} [38], the application of (2.5) to
(2.1)-(2.4) yields the average large signal model of the switching
cell:

(ih) = diyg, (2.6)
(ig) = d'iy, (2.7)
<U1> = desiL + d/(’l}s “+ v, + ‘/d -+ RdiL) (28)
<UQ> = d[vs + Vo — RdsiL] — d/(Vd + RdiL) (29)
where d' = 1 — d. Equations (2.6)-(2.9) can be used to derive (v;)

and (i2) as a function of (ve) and (i;):

(i) = S i) 2.10)
d , d
<U1> = E<U2> + Req(d) <21> + E‘/d (211)
where
Ry  d
R.,(d) = ra + ﬁRd

(2.12)

Assuming steady-state operation, (z) is a constant value: (z) = X.
The DC values of the switching cell variables in steady state are
given by:

D/

I="51, (2.13)
D’ D'

Vi = ZVy+ Rey(D)I; + =V (2.14)

D D
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Note that I; and I, are equal to the DC input current and to the
DC output current of the converter respectively, i.e.:

Il - ]m, ]2 - Iout‘ (215)
It follows:
Ip =L+ L = 1) + I = Ly, (2.16)

Perturbing and linearizing (2.10) and (2.11) the small signal linear
model of the switching cell is then obtained:

D'

Iy = i - dl,,, (2.17)
D’ A 5
’IA}1 - 5'172 —+ R€q<D>’i1 - d‘/e, (218)

where & represents the ac component of the variable x and:

]on
qu = 67
v _ 2DVi = Va(1 = 2D) = Va(1 = 2D) + (Ra — Ras) i

D2

Equations (2.17)-(2.18), together with the equations of the linear
time-invariant part of the circuit, provide the open loop ac small
signal model of the SEPIC shown in Fig. 2.2.

Note that (2.17) and (2.18) are the result of a first-order approx-
imation of (2.10) and (2.11) [38]. Hence, to obtain the lossless
(ideal) small signal model of the switching cell it is necessary to
neglect parasitics elements in (2.10) and (2.11) and then to apply
the small signal approximation. The removal of parasitics ele-
ments in (2.17) and (2.18) will cause incorrect results. The ideal
ac small signal model is given by:

2 D,A. 3
19 = 521 - d]eqa (219)

D
V1 = 51}2 - d‘/eqa (220)
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Figure 2.2 Open loop SEPIC small signal model

where:

‘/eq = %-
In the following, to simplify notation, the generic large signal av-
eraged variable (z) will be denoted as z.

The ac variations of the duty cycle d are considered an input of
the model. The independent current generator i, shown in Fig.
2.2 is used to determine the output impedance of the circuit, and
to evaluate the impact of fluctuations in the output current due
to external causes on the output variables of the model. In the
frequency domain, relationships among the input variables (f(s),
Din(s), io(s) and the output variables ir(s), s(s), 0o(s) are ex-
pressed in compact form by means of the small-signal transfer
functions:

+ Gio(8)i(3), (2.21)
B5(5) = Gsa(5)d(5) + Gag(5)0in(s) + Gsol(s)io(s), (2.22)
+ Guo(8)i0(5). (2.23)

As the small signal model is linear, each of these transfer functions
can be easily determined. As an example,
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From network theory it is known that the polynomial Den(s) is
the same for all the transfer functions, as it depends on the char-
acteristics of the network itself.

In Voltage Mode Control (VMC), control design is usually based
on the duty-to-output gain G,4(s). As the SEPIC exhibits a
fourth-order dynamics, a general expression for G,q(s) is:

Nya(s)  no+n1s +ngs® + ngs® + nys*

Goals) = - . (224
a(s) Den(s) do + dis + dys? + dzs® + dyst ( )
Neglecting all parasitics, coefficients of N,4(s) are [42]:

ny = —‘/;R2D,27

n = VoRD?L;,

N9 = nOCS(Li + LO), (225)

n3 = VoRDC,L; L,

ngy = 0.

As shown in [26], G4 is characterized by a real Right Half Plane
zero (RHPZ) and by a couple of complex conjugate zeros. The
application of the Routh Hurwitz criterion [40] to the coefficients
(2.25) shows that such zeros can be located in the Right Half Plane
or in the Left Half Plane (LHP), depending on the ratio L, between
the output inductance and the input inductance values. Indeed,
if L, > M, the complex zeros are LHP. As an example, consider
a SEPIC converter with the following specifications: V;, = 3V,
Vour = 3.6V, Rroap = 2.49Q, fs = 150kH z, and let be L; = 6.8uH,
L, =22uH, C, =270uF, Cy = 2.2uF. In Fig. 2.3, the duty-to-
output gain G4 is shown. Two resonant peaks can be observed.
The resonant peak around 20kHz is due to the couple of complex
LHP zeros located close to a couple of complex poles. For the
same converter, with L; = L, = 6.8uH, G,q4 is shown in Fig. 2.4.
Although the high frequency resonant peak is almost non-existent,
the 360 degree phase shift around 20kHz clearly indicates that the
complex conjugate zeros are located in the Right Half Plane.
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Figure 2.3 Open loop SEPIC G,4. Vin =3V, Vour = 3.6V, Rroap =
240, L; =6.8uH, L, =22uH,Cs = 2.2uF,C, = 270uF, fs = 150kH z
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Figure 2.4 Open loop SEPIC G,q. Vin =3V, Voue = 3.6V, Rroap =
240, L; =L, =6.8uH,Cs =22uF,C, = 270uF, fs = 150kH 2z
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2.2 Closing the current loop

As shown in Fig. 1.9, in current mode control the duty cycle d
is a function of the state variables of the converter and of the
control input v.. The average large signal total inductor current

for PCC-SEPIC is:

(2.26)

mq dQTs deQTS
2 2

1
i = A_s {vc —mgdly —

where m, is the slope of the compensation ramp of the current
mode control, A, is the gain of the current sensor and

V; v
— A, |G s 2.2
my [LZ + LO:| ( 7)
Vi, — Vg — U v
=_A |25 o o 29
O (229

The quantities m; and msy are proportional to the total inductor
current slope during subintervals [0, DT;] and [DTy, Ts|, respec-
tively. As the compensation ramp is usually generated inside the
control IC, it is reasonable to assume that it is constant: m, = M,
[38]. Small signal models of PCC-SEPIC often used in literature
e.g., [42],[46], are obtained assuming v, = vy, in (2.27), (2.28).
The small signal model of the current loop is than obtained by
perturbing and linearizing (2.26):

S~ 2 L2
. Uin
my = A, lLeq:| : (2.30)
. Vo
Mg = A, [Leq] , (2.31)

where L., is the parallel of the input and output inductances. This

leads to the following simplified expression of CTO gain:
Fvad

1+ F(AsGia + F!Gua)’

Ge = (2.32)
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where:
1
AT, D"
F = 5T ) (2.34)

€q

As shown in [42], an approximated sufficient condition for (2.32)
having no RHP poles is:

L, 'V,
L, =— . 2.
. > v (2.35)
Indeed, the open loop gains G;4 and G4 can be rewritten as:
Ni (S)
Gig = ———, 2.36
a Den(s) (2:36)
Nvd(s)
vd — . 2.
G Den(s) (237)

From Fig. 2.2 and combining (2.16) with (2.17)-(2.18), G;4 can be
expressed as:

Gvd(s) Iout

G4 =Dz T - D

(2.38)

where Z,(s) represent the parallel of the output capacitor C, with
the load resistance R. Hence,
(1 = D)Nya(s)(1 4+ sRC,) + RlysDen(s)

Ny = 1= DyE . (2.39)

Equations (2.36) - (2.39) lead to the following expression for G,

Fvad(S)

Den(s)(1+ Faefnt) & P Noas)(S055 + )

Gre = (2.40)

The polynomial Den(s) has no RHP solutions, as it is the de-
nominator of the open loop transfer functions. Moreover, F,,,
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Figure 2.5 PSIM simulation of the coupling capacitor voltage response to
a stepwise line transient. L; = 6.8uH,L, = 10uH, Cy = 2.2uF ,F,, = 10V !

F/, I, As are positive quantities. Hence, a sufficient condition
that guarantees that (2.40) has no RHPPs is to ensure that the
polynomial N,; has no RHP solutions. This leads to the stabil-
ity condition (2.35). It is expected that fulfilling condition (2.35)
should ensure that the closed current loop PCC-SEPIC is stable
for whatever value of the modulator gain F},,. In [42] it was shown
that this is not true. Indeed, (2.35) is not fully reliable, as it hides
the effect of coupling capacitor on PCC-SEPIC stability. As an
example, consider a PCC-SEPIC converter designed to fulfill the
following specifications: V;,, . =3V, Vi, =~ =6V, Vo = 3.6V,
Iy = 1.5A, fs = 150kHz. Let be L; = 6.8uH, L, = 10uH,
C, = 270uF, ESRc, = 16mQ, Cy = 2.2uF, F,, = 10.4V 1. The
maximum voltage conversion ratio is M., = % = 1.2. Hence,
as L, = 1.42, condition (2.35) should ensure that the converter is
stable for any £, and (. Fig. 2.5 shows the simulated response
of the converter under study to a line transient. The wide oscilla-
tions of the voltage across the coupling capacitor clearly show that
the converter is unstable. Increasing the coupling capacitor value
to 6.8uF" allows to obtain stable behavior, with the same value of
current modulator gain F),. This is shown in Fig. 2.6. Hence, it
is clear that the stability of the PCC SEPIC is conditioned by the
value of the coupling capacitance.
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Vs Vin

8.00
6.00
4.00
2.00

0.0

-2.00

20.00 22.00 24.00 26.00
Time (ms)

Figure 2.6 PSIM simulation of the coupling capacitor voltage response to
a stepwise line transient. L; = 6.8uH,L, = 10uH, Cs = 6.8uF,F,, = 10V !

2.2.1 A refined current loop small signal model
for the SEPIC

Removing the assumption vy = vy, in (2.27), (2.28), the quantities
my and msy are given by:

0 0
= A, [ D D) 241
my |iLz +L,;| ( )
Vi — 0y — 0o 0
hy = — A, | Y% Yol 2.4
S .42

Substituting (2.41)-(2.42) in (2.29), the small signal model of the
current controller is obtained:

5 L. 5 . . .
1= 37 [Uc — A — Fyig — Fudy — Fvvout] (2.43)
where:
Ay ,D* D
2f$ LZ LZ
Ay D?  D?
F, == —), 2.44
2\ T L 24
2
F, = AsD .
2steq
The resulting Control-To-Output (CTO) voltage gain is given by:
FnG,
Gl a (2.45)

T 1+ Fn(AGig + F,Gog + FuGog)
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The linearized small signal CTO transfer function (2.45) allows the
use of analysis techniques developed for linear systems to investi-
gate PCC-SEPIC stability. As stated in chapter 1, the complex
pole pair associated with the peak current mode sampling effect
[30]-[32] is neglected, as it acts outside the frequency range of in-
terest.






Chapter 3

PCC SEPIC stability
boundaries

In this chapter, an analytical stability boundary for PCC-SEPIC
derived from a simplified expression of the input-to-coupling ca-
pacitor voltage gain will be illustrated. Also, the exact CTO gain
(2.45) of PCC-SEPIC will be numerically analyzed to validate the
prediction of the analytical stability boundary.

3.1 Analytical stability boundaries of
PCC-SEPIC

CCM PCC-SEPIC current loop (CL) stability analysis makes use
of the open loop circuit model shown in Fig. 2.2. The importance
of the voltage across the coupling capacitor can be clarified con-
sidering the slopes of SEPIC input and output inductors currents
(2.27), (2.28) : the higher the difference between v;, and v, the
higher the unbalance of voltages across the two inductors and then
the higher the amplitude of oscillations of inductor currents and
of coupling capacitor voltage during transients. The small signal
model of the power stage (2.17)-(2.18) and of the current mode
controller (2.43) allow deriving the closed-current loop transfer
functions of the converter. Even though each of these functions
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Figure 3.1 Reduced order model of PCC-SEPIC converter power stage.

might be used to evaluate the CL stability, some of them have a
quite involved analytical expression. However, some approxima-
tions allow isolating the dominant dynamics conditioning stability.
As stated in chapter 1, section 1.2.1, using current mode control
the low-frequency complex pole pair is split in two real poles, f,
and f,2, associated to the output capacitor and to the inductors
respectively. Asf, and fj, are LHP poles, conditions for PCC-
SEPIC CL stability can be obtained by analyzing the SEPIC sec-
ond complex pole pair. This is located at f, , (usually in the
range of some tens of kHz) and it is related to the interaction
among the inductors and the coupling capacitor. To this aim, the
closed-current loop input-to-coupling capacitor voltage gain G,
is considered. Note that the name G,. is introduced to avoid
confusions with the open loop input-to-coupling capacitor voltage
gain G4. The coupling capacitor voltage tracks the input voltage
from DC up to f,,.,. Hence, the effect of fy; is negligible on Gjc..
This means that if the output voltage is well regulated the impact
of low frequency perturbation of the output voltage on the cou-
pling capacitor voltage can be neglected. Thus, switching off the
independent current source i, the small signal model in Fig. 2.2 is
modified as shown in Fig. 3.1. Substituting the Laplace transform
of the control law (2.43), the reduced order Gj.. is obtained:

ng + 1S + n282

do + d18 + d282 + d383.

Giee = (3.1)
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Neglecting all parasitics elements, coefficients d; are:

dO - FmAsR2‘/zn‘/03ff
dy = KRV} L,

F, L. ,M
dy = doCy(L; + L,)(1 — =——
2 0Cs(Li + Lo)( RASCS>
d3 = LiLoCsRQV:ianff
where:
F, A L; L;
K=V%2,2(ZM+F)(1—-2M)+1+4+ =M?

The application of the Routh-Hurwitz criterion [40] to the denom-
inator of (3.1) yields the stability conditions summarized in Table
3.1 [52]: where:

Table 3.1 Stability conditions for PCC-SEPIC current loop

L.>M
Copin <Cs <Cs, . Jao Fpy, ., >0 stable if F, > Fi,..,
Cs>Cs,.. | Fp...,. <0 stable (F,, > 0 always)
L.<M
Copin <Cs <Cs, /oo Fy_ . <0 unstable (F, > 0 always)
Cs>Cs . | F.... >0 stableif 0 < F,, < Fyy,..,
C 7 FsLeqlout (3 2)
Smin ~ N °
AS‘/Z"I'L
(Voff )2 1 1 1 M2
‘/in 1+Lr 1— ngmin L'r
Foiv = < . (3.3)
cri V02 Aslou M
v (it + B = 1)
(VOff )2
a=1-— Vin
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It can be demonstrated that 0 < a < 1. As a first novel result
provided by the new model, the value of the coupling capacitance
must be greater than C, . to guarantee PCC-SEPIC stability.
Moreover, (3.3) may represent either a lower or an upper bound-
ary for F,, depending on the value of L,. Also, (3.3) is positive or
negative depending on C';. The worst-case condition for the design
of the coupling capacitor in a given application is easily derived
from (3.2). Indeed, the minimum value of the coupling capacitance
increase with the load current and with the reduction of the input
voltage. Table 3.1 highlights that design solutions where L, > M
should be preferred, as F,,_,, represents a minimum value for the
current modulator gain, and there exist conditions that guarantee
the stability of the current loop regardless of F;,, value. For exam-
ple, let us consider a PCC-SEPIC with the following specifications:
Vin,.. =4V, V; =24V, Vo =5V, Iy = 1A, fs = 100kH z.
Let be L; = 56pH and L, = 150pH, to satisfy some given con-
straint on the input and output inductors current ripple. Note
that Cs,,,, = 0.3uf" and L, = 2.67, while the maximum voltage
conversion ratio (M., ) value is 1.25. Hence, L, > M4, so that
F,.. . is a lower boundary for F},. The stability boundary curve
relating F),, and C is shown in Fig. 3.2. Regions A (blue shade)
and B (green shade) correspond to F;, values that ensure the cur-
rent loop stability. In particular, if Cs > C_.,, = 2.36uF (region
B) then the CL is stable for any F),. Region C corresponds to
CL instability: for Cy < C,,,,, = 0.3pF the CL is unstable for
any F,,. The gray shaded area refers to negative F,, values, which
have no physical meaning. Fig. 3.3, Fig. 3.4 and Fig. 3.5 show
results of PSIM®) simulations for three couples of values (F},, Cs)
identified by red circles in Fig. 3.2 and labelled as #1, #2, #3
respectively. Low frequency oscillations in Fig. 3.3 confirm CL
instability in region C.

Next, let us consider a PCC-SEPIC designed to met the same
specifications of the previous example, with L; = 56uH and L, =
ATpH. As L, = 0.83, F,,_,, is an upper boundary for F,, when
Vin = Vin,,.... The stability boundary @ V;,, ~as a function of F,
and C§ is shown in Fig. 3.6. F,, . is negative if Cy < C =

crit2

Nmaz

crit
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Figure 3.2 Current modulator gain boundary curve. L, > M.
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Figure 3.6 Current modulator gain boundary curve. L, < M.

8uF'. Results of PSIM®) simulations are shown in Fig. 3.7, Fig.
3.8 and Fig. 3.9. Low frequency oscillations in Fig. 3.7 and Fig.
3.8 confirm that F,,, values within region A (i.e. F,, > F,,_,,) lead
to CL instability.

Vout
4960 |-
4940 | Mk
4920
4900

VCsep

800, foe e e f e
el /\\ f=5kHz // T
500 | ‘ s
0.0 \\'/ b \\'/ L

-5.00 ——

560.30 560.40 560.50 560.60 560.70  560.80
Time (ms)

Figure 3.7 V,, V.., Cy = 10uF, F,, = 0.6V 1 (#7,regionA)
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3.1.1 The impact of losses on stability predic-
tions

For the SEPIC converter considered in the previous example, pre-
diction based on the lossless reduced-order model lead to conclude
that very low values of F,,, are mandatory in order to ensure CL
stability when L, < M. To investigate the impact of power losses
on stability, a complete model of PCC-SEPIC has been developed
using the steady state averaging technique and including resis-
tive losses of the power components. This model also include the
small signal variations of the output voltage ©,, which were ne-
glected to derive the analytical stability boundary summarized in
Table 3.1. The plots of the stability region as a function of F,,
and Cy values have been generated through a numerical proce-
dure and are shown in Fig. 3.10 and Fig. 3.11. In Fig. 3.10,

1.2

5 10 15 20 25
Cs (uF)

Figure 3.10 PCC-SEPIC stability region (dark green area).
Vin = Vin.min, Li = 56puH, L, = 47pH. All parasitics are neglected.

the stability region for the PCC-SEPIC described in section 3.1
is highlighted in dark green. L; = 56uH and L, = 47uH. This
plot was obtained by neglecting all parasitics. The red line rep-
resents the boundary obtained through the use of the reduced-
order model proposed in section 3.1. The SSA model confirms
that there exist a minimum capacitance C, below which stabil-
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Figure 3.11 PCC-SEPIC stability region (dark green area).
V;n = V;n,minaLi = 56/14H, Lo = 47,U/HRL1 = RLO = 100m.

ity cannot be achieved. Also, to obtain stable behavior F}, can-
not be increased above a maximum value, which is around 1V 1.
Fig. 3.11 shows how the stability region is modified when the
DC resistances of the inductors are included in the SSA model.
A value of 100mf) has been used for both inductors. The sta-
bility boundary changes dramatically with respect to the ideal
case. The minimum value for the coupling capacitance decreases,
and there exist a critical value for such capacitance above which
the current modulator gain can be increased without affecting the
current loop stability. In Fig. 3.12, PSIM® simulations with
Cs = 1buF, L; = 56uH, L, = 47uH, Rp; = Rr, = 100mf2 and
F,, = 5V 7! are shown. Simulations show that the converter is
stable, as predicted by the SSA model. Comparisons between the
reduced-order model and the SSA model stability predictions for
the converter stability for the example under study when L, > M
are shown in Fig. 3.13 and Fig. 3.14. It is evident that the sta-
bility boundary obtained using the reduced-order lossless model is
much more reliable when L, > M.

It is worth noticing that the beneficial impact of resistive losses
on PCC-SEPIC is reported in [47]. Unfortunately, losses of power
converters are not constant, as they depend on electrical and ther-
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Figure 3.12 V,, V., Cs = 15uF, Viy, = Vi min, Li = 56pH, Lo =
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Figure 3.13 PCC-SEPIC stability region (dark green area).

Vin = Vin,min, Li = 56pH, L, = 150pH. All parasitics are neglected.
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Figure 3.14 PCC-SEPIC stability region (dark green area).
V;n = V;'n,min; Ll = 56/JH, Lo = 150/J,HRLZ = RLo = IOOmQ

mal operating conditions:

n= f(‘/ina ‘/;)uta Iouta Tamb)7 (34)

where Ty,,,; is the ambient temperature. This imply that the stabi-
lizing effect of losses is uncertain and unreliable. For the example
under study, the efficiency is quite low and the analytical predic-
tion of lossless model when L, < M is too much conservative.
However, Fig. 3.10 suggests that for high efficiency applications
the predictions of the analytical model are more realistic.

The analytical model proposed in section 3.1 discloses the correla-
tions that exist among parameters of passive components, current
modulator gain and losses. To obtain reliable and not too con-
servative stability conditions for PCC-SEPIC, numerical calcula-
tions on the complete model of the converter (including losses) are
needed.

In the next section, a numerical approach is proposed. A complete
SSA model of PCC-SEPIC is applied to highlight the impact of
the coupling capacitance and of the input and output inductances
on stability. F;, is fixed to a given value, to avoid sub-harmonic
oscillations typical of current mode control.
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3.2 Inductive damping

The CTO gain (2.45) can be rewritten as the ratio between two
fourth-order polynomials in the variable s:

ag + a18 + a282 + a333 + a4s4

Gope = :
b() + b18 + b282 + b383 + b484

(3.5)

The sign of real part of poles of (3.5) can be analyzed by means
of the Routh-Hurwitz criterion to investigate the stability of the
PCC-SEPIC. As the poles depend on L; and L,, numerical appli-
cation of the Routh-Hurwitz criterion allows determining a region
in the plane L;-L, where stability is guaranteed for any couples of
inductors whose inductance falls in this region. Let us consider, for
example, a converter designed to meet the following specifications:
Vinin = 3V, Vinpoo = 6V, Vour = 3.6V, Rroap = 2.4Q, f, =
150kH z, and let be C, = 270uF, ESRc, = 16mf), Cs = 2.2uF,
F,, = 10.4V =1, The stability region at minimum and maximum
input voltage obtained by means of Routh-Hurwitz criterion are
shown in Fig. 3.15 and Fig. 3.16 respectively. It is evident that
the critical operating point is at minimum input voltage. The

20

L. (uH)
%
>

10 20 25

15
L, (uH)

Figure 3.15 L; — L, stability map for the converter under study @ V;

MNmin

couples of input and output inductors that ensure stability are
located in the portion of the plane marked by the letter A. The
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Figure 3.16 L, — L, stability map for the converter under study @ V;

Nmazx

couples of inductors lying in the portion of the plane marked with
the letter B lead to instability. The red line represents the linear
stability boundary L, = M L; derived from the simplified model
(2.32). As previously discussed in chapter 2, section 2.2, stabil-
ity prediction based on such model are not reliable. The values

Table 3.2 couples of input and output inductors
LilpH]  Lofud]

« 6.8 10
I6] 6.8 12
~ 6.8 15
) 6.8 22
€ 6.8 47

of inductances listed in 3.2, together with the fixed value of F,,,
provide a value comprised between 1 and 1.6 for the ratio between
the slope of the compensation ramp and the falling slope of the
current in L.y, so that instability of the current loop due to sub-
harmonic oscillations is prevented (refer to chapter 1 section 1.1
for more details). According to Fig. 3.15, combination « leads
to instability, although the approximated condition (2.35) would
predict otherwise. To confirm this result, the response of the sys-
tem to a step line transient from V;,, . to V; and viceversa has

Nmax
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Figure 3.17 PSIM simulation of the coupling capacitor voltage response to
a stepwise line transient. Inductors combination «

been simulated using PSIM@®). The result is shown in Fig. 3.17.
The wide oscillations affecting the voltage across the coupling ca-
pacitor clearly indicate that the system is unstable. Inductors
combinations (8 and -, instead, fall inside the stability region. In-
deed, both design solutions guarantee that the CTO gain has no
RHPPs. Bode plots of the CTO gain and PSIM simulation of step
line transient with closed current loop and open voltage loop, with
inductance combinations § and ~, are shown in Fig. 3.18 - Fig.
3.20. Fig. 3.18 confirms that there are no RHPPs in the CTO gain
using inductor combination 3. However, a severe resonant peak
can be observed. Fig. 3.19 shows that oscillations at minimum
line voltage with combination of inductors (3 are not well damped.
Combination of inductors v provides a higher damping factor, as
shown in Fig. 3.20. To highlight the correlation between the os-
cillations of the coupling capacitor voltage due to line transients
and the ratio between L; and L,, it is useful to refer to the closed
current loop input-to-coupling capacitor voltage gain, G;... The
plot of the damping factor  of the complex pole pair of G.. as
a function of the output inductance calculated at minimum input
voltage is shown in Fig. 3.21. Inductances combination v pro-
vides a damping factor of 0.05. To get a damping factor of 0.15, a
higher output inductance is needed (combination §). The stabil-
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Figure 3.18 MATLAB generated CTO gain Q V;,, . , inductors
combination 3 (solid blue line) and ~ (dashed green line)
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Figure 3.19 PSIM simulation of the coupling capacitor voltage response to
a stepwise line transient. Inductors combination g
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Figure 3.20 PSIM simulation of the coupling capacitor voltage response to
a stepwise line transient. Inductors combination ~y

ity boundary limit is conditioned by the value of the capacitance
C,. In Fig. 3.21, the dashed line is referred to Cy = 47uF. 1t is
clear that a smaller value of L, is sufficient to ensure stability in
this case. However, the maximum damping factor is reduced with
respect to the case Cs = 2.2uF. Fig. 3.22 shows the damping

damping factor

5 10 15 20 25
Lo (uH)

Figure 3.21 Damping factor of G;.. complex pole pair @ V;,, . .
L; =6.8uH, Cs =2.2uF (solid line) , Cy = 47uF (dashed line)

factor of the complex pole pair of G;.. plotted as a function of Cj,
calculated numerically and parameterized for three values of L,.
The damping factor of the complex pole pair of Gj.. exhibits a



50 3. PCC SEPIC stability boundaries

o
~

o
w

damping factor
o
N

0 10 20 30 40 50
Cs (uF)

Figure 3.22 Damping factor of G;.. complex pole pair @ V,, . .
L; =6.8uH.L, = 15puH (curve A) , 22pH (curve B) , 47TuH (curve C).

maximum for a certain value of the capacitance C,. This result is
confirmed by the simulated time response of the coupling capaci-
tor voltage to a step-wise variation of the input voltage, shown in
Fig. 3.23 for two values of C using inductances combination €. It
is worth to notice that the maximum obtainable damping factor is
a function of the ratio L,, while the value of the coupling capacitor
corresponding to this maximum value changes with the absolute
value of L; and L,. This is shown in table 3.3, where the results
of simulation for different L;, L, and C, values are summarized.
This results suggest that to obtain both stability and a desired

Table 3.3 Maximum damping factor of G;.. complex pole pair Q V;
L; [MH] L, [/JH] L, Cs [MF] Crmaw

Nmin

6.8 15 2.2 3.9 0.06
10 22 2.2 3.9 0.06
18 39 2.2 3.9 0.06
6.8 22 3.23 3.9 0.15
10 33 3.3 3.9 0.15
18 68 3.23 6.8 0.15
6.8 47 6.9 3.9 0.4
10 68 6.8 5.6 0.4

18 120 6.66 10 0.39
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Figure 3.23 PSIM simulation of the coupling capacitor voltage response to
a stepwise line transient. Inductance combinations e. Cs = 4.7uF (black
line),Cs = 4TuF (gray line). V; =6V, Vin,,.., =3V.

Nmazx

line transient behavior in PCC-SEPIC a compromise between the
value of the coupling capacitor C; and a minimum value for the ra-
tio L, is needed. As a general rule, it seems reasonable to identify
a set of parameters for the power stage components that ensure
the desired performances without imposing too tight constraints
on the single components value. As an example, this would be the
preferred design strategy in applications with a wide input voltage
range. However, this is not always possible. Indeed, the SEPIC
coupling capacitor is usually a ceramic one, since it has to sustain
a discontinuous current with a possible high RMS content at the
switching frequency. As a result, it is preferable to limit its capac-
itance, to avoid an increase in cost. This is especially true when
high values of input voltage are reached. Similary, as highlighted
in table 3.3, a bulky output inductor might be needed to get a de-
sired damping factor. In many applications it is desirable to keep
the input current peak-to-peak ripple below a certain threshold.
Indeed, one of the advantages of the SEPIC is the presence of an
input inductance. Considering the aforementioned converter with
inductors combination ¢, the peak-to-peak current ripple is 110%
for the input inductor and 50% for the output inductor. If the
target input current ripple was around 40% @ V;,, . an 18uH
input inductance would be needed. Then, from table 3.3, an out-
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put inductance of 68uH should be selected if a damping factor of
0.15 is desired. Bigger output inductances are needed if a higher
damping factor is required, or if the 40% input current ripple con-
straint has to be maintained for all the input voltage range. Next
section shows how capacitive damping of PCC-SEPIC can help in
these cases.

3.3 Capacitive damping

Fig. 3.24 shows the PCC-SEPIC with the additional R-C damping
branch. Ry and C; identify the elements of the damping branch.
In order to be effective, the series Ry - C; must be designed to
offer a lower impedance path to the low frequency current har-
monics, if compared with the impedance of C. In this way, the
use of a sufficiently high capacitance C,; helps in limiting the low
frequency oscillations of the coupling capacitor voltage, relaxing
the constraint on the ratio L,. As the RMS current value is due
mainly to the harmonic components at the switching frequency,
still flowing in C, the damping branch can be realized with an
electrolytic capacitor. So, a high value C; can be used without a
significant increase in cost. To achieve the desired value for Ry, a
commercial resistor can be put in series to Cy. To determine an
appropriate combination of R4 and Cy values that allow to obtain
a desired damping factor, it is useful to refer to G;... As already
mentioned in section 3.2, G;.. is obtained by analyzing the SEPIC
with closed current loop and open voltage loop. Moreover, as done
in section 3.1, it is reasonable to assume that the output capaci-
tor has sufficiently high capacitance, so that its influence on the
ac voltage on the coupling capacitor can be neglected. Hence a
reduced-order model for PCC-SEPIC with additional R-C branch

can be obtained. The gain G,.. can be written as:

(S + %25+ 1)(1+2)

w?, w21

(S + 225+ 1) (5 + 2254 1)
p2

Wiy wp1 Wp

Gicc = GiccO

(3.6)
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Figure 3.24 PCC SEPIC with parallel damping branch
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One of the two trinomial terms of the denominator of (3.6) cor-
responds to a couple of dominant complex conjugated poles. The
resonant frequency and damping factor of such dominant poles
are referred to as wy; and (,; respectively. The input voltage-to-
input inductor current gain (G;z;) and the input voltage-to-output
inductor current gain (G;,) of PCC-SEPIC will also be used to
select Ry and C, values given a desired damping factor (:

(5 + X 4 1)(1+ )

w Wzi2

Giri = Girio——5 5 (3.7)
= 21 e )
(W§1 + s+ 1)(%2)2 +22s+ 1)
(E+ B )0+ o
Giro = GiLoo = (3.8)

(55 + ZEs + D) + 225+ 1)
The explicit expression of (,; (¢ in the following) as a function of
circuit parameters is quite involved. However, its graphical repre-
sentation is much expressive in unveiling the role of the damping
branch in SEPIC dynamics. G;.. has been evaluated at minimum
input voltage and maximum load, for the same converter of section
3.2 and assuming L; = L, = 6.8uH. Fig. 3.25 shows the map of
(¢ for different values of R4-Cy. Fig. 3.25 highlights that for each
desired ( there are infinite couples R4-Cy that could be used. As
an example, given a desired (¢ of 0.3, three possible couples of Ry
and C; have been selected using the map in Fig. 3.25. The values
of these couples are listed in table 3.4. A good solution for the

Table 3.4 R,;, Cy values. Desired (: 0.3
Ra(m$)  Ca(pF)

a 2500 4.7
b 550 18
¢ 3300 18

damping branch values should be characterized by its robustness
with respect to parameters changes and by low power dissipation.
An additional property to be considered is the settling time of



3.3. Capacitive damping 55

Cy (UF)
N
o

0.1‘,0-2_

i i : : 0
500 1000 1500 2000 2500 3000 3500

Med (mOhm)

Figure 3.25 Damping map for the converter under study

the voltage across the coupling capacitor in response to changes
in the input voltage. The importance of this last point will be
clarified in the following. Considering solution a in table 3.4 and
Fig. 3.25, it can be observed that ( is much sensitive to the vari-
ations of capacitance Cy. This could be a major issue given the
wide tolerance of capacitance usually found in commercial capac-
itors. Based on this consideration, good solutions would seem to
be b and c. To further investigate the role of the R-C branch on
the converter dynamics, table 3.5 shows the peak magnitude of
the input-to-input inductor current gain and its frequency loca-
tion for six couples of Ry and Cy values chosen to guarantee ¢ =
0.3, according to Fig. 3.25. The peak magnitude increases as Ry

Table 3.5 G;1; peak magnitude and frequency location.
The couples Ry, C; are selected to get ( = 0.3

Ry[mQ)] CqlpF] peak[dB]  fpeak|kH?Z]

550 18 18.8 10.2
1000 8.2 13.4 14.7
1500 6.8 7.9 16
2000 5 7.7 19
3000 4.7 6 24

3300 18 1.31 29
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value is reduced, while its frequency location increases as Ry value
is increased. Consequently, if a step change in the input voltage is
applied, the settling time of the input inductor current around its
steady-state value increases, together with its peak value, if small
values of Ry are selected. In Fig. 3.26 and Fig. 3.27, PSIM®
time domain simulations of the response of the coupling capac-
itor voltage and of the input and output inductors current to a
step down line transient are shown.  Simulation are run with

(Lin) I(Lout)

4.00
3.00
2.00
1.00
0.0
-1.00

T AAA . 16us
S0 [V /\\é/

i UL ANAAAAANAAAAAANAAANNAAAN

o — vavvvvvvvvvvvvvvvvvvvw

1.00
0.0

30.75 30.80 30.85 30.90 30.95
Time (ms)

Figure 3.26 Simulated input and output inductor current response to a
line step transient. Ry = 3300mS2, Cq = 18 F (solution c)
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Figure 3.27 Simulated input and output inductor current response to a
line step transient. R4 = 550mS), Cq = 18uF (solution b)
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closed current loop and open voltage loop. It takes around 16us
for the coupling capacitor voltage Vi to reach its lower peak if so-
lution c is considered, and almost 36us if solution b is considered.
Note that for both solutions b and c the lower peak of Vj is 1V.
Hence, if the system was a second-order one, it would be possible
to conclude that b and c lead to the same ( just by inspecting the
time domain responses in Fig. 3.26 and Fig. 3.27. As a result of
the lower resonant frequency of solution b, the voltage unbalance
around the inductors persists for a longer period of time, and the
peak inductors current increase. Unexpected high peaks can lead
to saturation of inductors. Fig. 3.28 shows the plot of power dis-
sipated in the damping resistor as a function of resistance R, at
the switching frequency. Given a desired (, a high value of Ry is
to be preferred, as a smaller fraction of the current harmonics at
the switching frequency is diverted from the ceramic capacitor to
the parallel damping branch.

4

10° 10
Mg (mOhm)

Figure 3.28 Predicted power dissipation in the damping branch for
different values of Ry;. The couples Ry, Cy are selected to get ( = 0.3






Chapter 4

Stability boundaries of
PCC-Cuk converter

4.1 Cuk converter averaged models and
open loop small signal transfer func-
tions

The schematic of the peak-current mode controlled Cuk converter
is shown in Fig. 4.1. Note that the output voltage is taken as
positive. The switching cell port variables are highlighted. The
large signal averaged model of the switching cell can be obtained
using the same circuit averaging approach shown in chapter 2.
Inspection of Fig. 4.1 allows to derive equations (4.1)-(4.4) for the
averaged port voltages and currents:

(11
(12
(v1
(

V2

dig,
dir
Ry

<21) +d' (vs + V) + Ra(ia),

)
)
)
) — d'Vig = Rys(i1) — Ra(ia).

As highlighted in chapter 2, the voltage v, across the coupling
capacitor is considered constant in 7. From Fig. 4.1 it is easy to
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‘.

Figure 4.1 PCC-Cuk converter schematic

vref

w}—4|\

verify that:
Vg = V] + Vs (4.5)

The switching cell averaged terminal currents are related by the
following equation:

(1) = %@'2) (4.6)

Solving v, from (4.4) and making use of (4.6), the terminal volt-
ages of the switching cell can be related:

! !

(1) = S} + Reg i) + SV (4.7
where:
Ry  d
Req(d) = 7 + ﬁRd' (4.8)

Equations (4.6) and (4.7) represent the large signal averaged model
of the Cuk converter switching cell. It is important to notice that
the large signal averaged model of the switching cell is the same for
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dv D D
n _
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Figure 4.2 Cuk converter switching cell small signal lossless model

both SEPIC and Cuk converters, as R, is the same. Perturbing
and linearizing (4.6) and (4.7), the DC model and the small signal
model of the switching cell can be obtained. In chapter 1 it was
shown that the DC value of the voltage v, is equal to the sum of
the input and output voltages:

V= Vin + Vour (49)
From (4.1), (4.2), (4.5) and (4.9) it follows that:

‘/i+‘/2:‘/in+‘/c)ut:%ff7
Il —|— IQ = 1in —|— Iout - ]on- (410)

In Fig. 4.2 the lossless small signal linear circuit of the switching
cell is shown, where:

Vors
a="p
I
L,="2
‘D

The small signal model of Cuk converter is shown in Fig. 4.3.
In the frequency domain, relationships among the input variables
d(s), Din(s), io(s) and the output variables iz (s), 0,(s), 0o(s) can
be expressed in compact form by means of the small-signal transfer
functions:

in(s) = Gia(s)d(s) + Gig()0in(s) + Gio(8)io(s), (4.11)
B5(5) = Gea(5)d(5) + Gag(8)0in(s) + Geol8)io(s), (4.12)
o(s) = Gvd(s)d(s) + Gog(5)0im(s) + Gvo(s)%o(s)' (4.13)
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Figure 4.3 PCC-Cuk averaged model

In chapter 2 it was shown that the open loop SEPIC duty-to-
output voltage gain GG,4 is characterized by a real RHP zero and
by a complex conjugate zeros pair which can be located either in
the RHP or in the LHP depending on the ratio L, between output
and input inductances. It was also shown that stability properties
of the PCC-SEPIC are influenced by the location of this zero pair
in the complex plane. The zeros of the Cuk converter G,4 exhibits
quite a different behavior. Indeed, in [46] it is shown that G,4 of
a lossless Cuk converter has a complex zeros pair which is always
located in the RHP. Also, as the output inductor is continuously
supplying current to the load, the real RHP zero typical of con-
verters with a boost-derived output stage is non present. In [46] it
is also shown that the complex zeros can be located in the LHP if
resistive losses of the components are considered. For the sake of
simplicity, let’s consider only the ESR of the input inductor r;.
(G,q can be rewritten as:

Nvd<8)
Den(s)’

Gvd =

where: N,q(s) = nas® + nys + ng.
Coefficients of the polynomial N,4(s) are:

Ng = _RLiCsV;ff>
ny = _R(CsrLi‘/off — LiD[on)a (414)
Nng = —R(‘/Off(l — D) — TLiD]on)~

The application of the Routh Hurwitz criterion to the coefficients
(4.14) allows to determine that the zeros of G4 are indeed located
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in the LHP if the following condition holds:

Li (1 — D)T LiC s
Equation (4.15) shows that for a given Cuk converter, there will
exist a threshold for the output current I, below which the G,q
complex zeros pair location will move from RHP to LHP. It is
important to underline that the converter must be running in CCM
for the condition (4.15) to be valid.

4.2 PCC-Cuk converter model

As shown in chapter 1, the small signal model of the current mod-

ulator is given by:

i D*T, e DT,
2 2

d=F, |b.— Ay — (4.16)
Relevant transfer functions for PCC-Cuk, such as the CTO gain
Gy and the closed-current loop input-to-coupling capacitor volt-
age gain Gj.. can be obtained by substituting (4.16) in (4.11) -
(4.13). A first simplified approach to investigate PCC-Cuk sta-
bility is to neglect the low frequency variations between the cou-
pling capacitor voltage and the input and output voltages when
substituting the explicit expressions of m; and my in (4.16), i.e.
assuming that vy = v;, + v,. Under this hypothesis, and applying
to the small signal model of the Cuk converter the same manip-
ulations used in chapter 2, section 2.2 for the SEPIC, the CTO
gain is given by the following equation:

Fvad(S)

" Den(s)(1 4 Endslaty 4 B N, (s)(2050C) 4 pry’
(4.17)

G’UC

Equation (4.17) is formally identical to the CTO gain (2.40) given
for the PCC-SEPIC converter in chapter 2. Coefficients F;, and
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F are also identical to the ones found for the SEPIC converter.
An important difference in the study of the stability between the
PCC-SEPIC and PCC-Cuk converters is that it is not possible to
give a simplified sufficient stability condition for the Cuk similar to
(2.35). The only way to give such an approximate condition would
be to ensure that (4.15) holds for all load conditions. However,
condition (4.15) depends on the parasitic resistance of the input
inductor, and hence may be a too unreliable stability boundary.
This is due to the fact that other losses of the converter were
not considered, and that the DCR of the input inductor may be
unknown or uncertain.

A more useful approximated analytical boundary for PCC-Cuk
stability can be obtained by removing the hypothesis v, = v;, +
Vout- The current controller model then becomes:

- 1 . A . R .
d= T [Uc — Agip, — Fiv;, — Fovg — Fvvout] (4.18)
where:
A, D? D7
2f5 LZ LZ
A, D? D?
F, == —), 4.1
2fs<Li +LO) (4.19)
A, D? D?

VA

Notice that coefficients F; and F, are identical to the ones found
for the PCC-SEPIC in chapter 2, subsection 2.2.1.

Although any of the closed current loop transfer function could
be used to investigate the converter stability, it is useful to refer
to the closed current loop input-to-coupling capacitor gain Gi..
Under the hypothesis that the output voltage variations do not in-
fluence the coupling capacitor voltage during a line transient, and
neglecting all parasitics, the simplified lossless small signal linear
circuit shown in Fig. 4.4 can be used to derive a reduced-order
expression for G;.. Neglecting the output voltage variations v,
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Figure 4.4 Reduced order small signal linear circuit of PCC-Cuk converter

imply that coefficient F, has no impact on the current controller
model given in (4.18). Hence, as the lossless small signal linear
model of the switching cell is identical between PCC-SEPIC and
PCC-Cuk, the reduced-order G;..(s) gain is also identical for both
converters. Approximated analytical conditions for PCC-Cuk con-
verter in terms of the current modulator gain F},, of the coupling
capacitor (s and of the output to input inductances ratio L, can
be derived for a lossless PCC-Cuk converter. Such conditions are
identical to the ones derived for the PCC-SEPIC in chapter 3, and
are summarized in Table 4.1.

Table 4.1 Stability conditions for PCC-Cuk converter current loop

L, >M
Cspin <Cs <Cs, . Jao Fp. . >0 stable if F, > Fi,,..,
Cs>Cs, .. ] F,,.,. <0 stable (F,,, > 0)
L, <M
Cs,. <Cs<Cy, . Joo Fp ., <0 unstable (F,, > 0)
Cs>Cs, .. o Fr; >0 stableif 0 < Fy, < Fipn,,uy
Where:
_ lqueq]but

C

_— , 42
e AS%'I’L ( 0)
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(Voff)Q 1 1 1 M2
Vi 1+L, 1_—csgm'n L, ( )
Friw = —3 - : 4.21
i (o P = )
Vosrry2
a=1 ( Vi )

1+ LT)Zl + A2y

As an example, consider a PCC-Cuk with the following specific-
ations: V;, . = 4V, Vi, = 24V, Vyu = 5V, Lyu = 1A,
fs = 100kHz. Let be L; = 56uH and L, = 150uH to satisty
some given constraint on input and output inductors current rip-
ple. Note that Cs . = 0.3uF and L, = 2.67, while the maximum
M value is 1.25. Hence, F,,_,, is a lower boundary for F,,,. In Fig.
4.5 the stability boundary according to table 4.1 is plotted in red.
As a comparison, the stability region numerically calculated using
a full order small signal model that includes losses is highlighted in
dark green. Fig. 4.6 - 4.8 show PSIM®simulations corresponding

v

crit

Fm

1 2 3 4 5
Cs (uF)

Figure 4.5 PCC-Cuk numerically evaluated stability region (dark green
area) and approximated stability boundary (red curve) as a function of F,
and Cs. L, > M.

to couples of F), and C values marked with a red circle in Fig.
4.5 and labelled as #1, #2 and #3. All parasitics are neglected.
The results of simulations confirm that the system is unstable if
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Figure 4.6 V,,V,. Cy = 2uF, F,, = 5V =1 (#1).
Vin =4V, L; = 56uH, L, = 150 H. Parasitics elements are neglected.
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Figure 4.7 V,,V,. Cs = 4.4uF, F,, = 1V =1 (#2).
Vin =4V, L; = 56uH, L, = 150uH. Parasitics elements are neglected.
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Figure 4.8 V,,V,. Oy = 1uF, F,, = 1V~ (#3).
Vin =4V, L; = 56uH, L, = 150uH. Parasitics elements are neglected.
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the couple of values #3 is used for F),, and Cs. The impact of
losses on the stability predictions obtained using the proposed ap-
proximated model is similar to the one discussed for PCC-SEPIC.
In Fig. 4.9, a PSIM®simulation that include parasitics elements
using the couple of values #3 for F,, and C; is shown. As pre-
dicted by the complete small signal model, the system is stable.
Fig. 4.10 shows the approximated stability boundary for a Cuk

Vout
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Figure 4.9 V,,V,. Oy = 1uF, F,, = 1V~ (#3).
Vin = 4V, L; = 56uH, L, = 150uH

converter designed to meet the same specifications of the previ-
ous example and operated at Vj,, =V, . . with L; = 56uH and
L, = 47uH. The dark green area is the stability region obtained
using a complete small signal model that includes losses. Note
that L, = 0.83, hence according to table 4.1 £}, ., is an upper
boundary for F,, it V;, = Vi, . . Fig. 4.11 shows the results
of PSIM®simulations of the proposed converter including resis-
tive losses for the couple F,,, = 5V 1, Cy = 15uF marked by the
red circle in Fig. 4.10. Results of simulations when parasitics
elements are neglected are shown in Fig. 4.12.  The stability
predictions obtained using the reduced-order model may result in
a too conservative estimation of the real stability boundary of the
Cuk converter, especially when L, < M. However, they provide a
valuable alert when designing high efficiency systems. Indeed, as
highlighted when discussing SEPIC stability, to depend too heav-
ily on the stabilizing effect of the power components losses may
result in unreliable design solutions.
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Figure 4.10 PCC-Cuk numerically evaluated stability region (dark green
area) and approximated stability boundary (red curve) as a function of F,
and Cs. L, < M.
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Figure 4.12 V,, V.
Cs = 15uF, F,, = 5V-1V;, =4V, L; = 56uH, L, = 47puH. Parasitics
elements are neglected.






Chapter 5

Experimental Validations

Three PCC-SEPIC and two PCC-Cuk have been realized and
tested, using a National Semiconductor Corporation LM3478 peak
current mode controller IC. The first SEPIC prototype, #1 in the
following, was realized selecting C, and F;,, according to the sta-
bility predictions obtained using the reduced order small signal
model discussed in chapter 3, section 3.1. In order to validate
the results obtained through the use of the full order small signal
model shown in chapter 3, the second SEPIC prototype - #2 in
the following - was realized selecting the input and output induc-
tors according to the results shown in section 3.2. Combinations
of inductances ¢ and € were used (see table 3.2). The third SEPIC
prototype - #3 in the following - shows the additional damping
branch technique described in chapter 3, section 3.3. The two
PCC-Cuk prototypes were realized selecting Cs and F), accord-
ing to the stability predictions obtained from the reduced order
small signal model shown in chapter 4. Details of the power stage
components are given in tables 5.2, 5.4, 5.5, 5.6, 5.9 and 5.11.
The external voltage feedback was closed, since the LM3478 IC
does not provide an easy way to operate the converter with the
current loop closed and the voltage loop open. Hence, a compen-
sation network has been designed to guarantee the stability of the
voltage loop. Fig. 5.1 shows the simplified schematic of the IC
voltage control stage. The values of the compensation network
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Figure 5.1 external voltage feedback loop

components are listed in table 5.3 for PCC-SEPIC converter #1
and in table 5.7 for #2 and #3. The values of the compensation
network components for the two PCC-Cuk converters are listed in
table 5.10 and 5.12

5.1 PCC SEPIC #1

The couples of s and F,, values used in the experimental vali-
dations are listed in table 5.1. They correspond to the solutions
labelled as #4, #5 and #6 in Fig. 3.2, chapter 3, section 3.1.
The steady state output voltage ripple of the converter is shown
in Fig. 5.2, Fig. 5.3 and Fig. 5.4. Stable behavior can be ob-
served in Fig. 5.2 and Fig. 5.3, while a low frequency oscillation
(13.7 kHz) is evident in Fig. 5.4. These results closely match the
results of PSIM simulations shown in chapter 3. High frequency
oscillations in Fig. 5.2 and Fig. 5.3 do not represent an instability
phenomenon as they are due to the interaction between the ce-
ramic capacitor placed on the output and the capacitors and PCB
stray inductances.
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Figure 5.4 Solution #5, output voltage rlpple.

Table 5.1 couples of F,, and C; values used for validations

=5V Cy = 4.4uF #4, inside region B

=5V Oy = 1uF #5, boundary between region A and region C

F,=10V-1 C, =22uF #6, inside region A
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Table 5.2 PCC-SEPIC #1, power stage components.

MOSFET Vishay Si4840DY
DIODE OnSemiconductor MBRS260T3G
Output Capacitor 2X Sanyo 16SVPC270M in parallel, 270uF
equivalent capacitance 540uF
Ceramic Output Capacitor TDK C5750X5R1H106M 10pF
Input capacitor TDK C4532X7R1E106K, 10uF

2X TDK C4532X7R1H225K, 2.2uF
equivalent capacitance 4.4uF

Coupling Capacitor TDK C4532X7R1H225K, 2.2uF

C4532X7TR2A105M | 1puF

Input Inductor Coilcraft MSS1260-563, 56uH
Output Inductor Coilcraft DO5022P-154, 150puH
Sensing Resistor WSL-2512 0.025, 25mS2

Table 5.3 PCC-SEPIC #1, compensation network components values

Reomp 1.4KQ

Ceompt  4T0nF

Cooomp? 3.3nF
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5.2 PCC SEPIC #2

The Bode plot of the CTO gain obtained at minimum input volt-
age and maximum load for a PCC-SEPIC realized using induc-
tance combination § (see table 3.2, chapter 3, section 3.2) is shown
in Fig. 5.5. The slight difference in the resonance peak between
measurements and the developed model is most likely due to the
presence of uncertain parasitics elements, which tend to increase
the damping factor [47]. The discrepancies located at high fre-
quency are due to the sampling effect of current mode control.
Sampling was neglected in the proposed model, as it acts outside
the frequency range of interest. To better highlight the impact
of the passive components values on the dynamic behavior of the
converter, Fig. 5.6 shows the closed loop response of the coupling
capacitor voltage to a line transient for two different values of the
coupling capacitance. Results are referred to a PCC-SEPIC us-
ing inductance combination e. Substantial agreement with PSIM
simulated response shown in Fig. 3.23 can be observed.
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START 188 Hz [-19.2 dBnl STOP 188kHz
Figure 5.5 PCC-SEPIC #2, CTO gain. Inductance combination §.
Vin =3V, Lot = 1.2A.
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Figure 5.6 PCC-SEPIC #2, closed loop coupling capacitor voltage
response to a line transient. Inductance combination e. Cs = 4.7uF (black
line),Cs = 47TuF (gray line). V; =6V, V; =3V, I, = 1.2A.
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Table 5.4 PCC-SEPIC #2, power stage components.

MOSFET Vishay Si4686DY

DIODE OnSemiconductor MBRS260T3G

Output Capacitor Sanyo 16SVPC270M, 270uF

Input Capacitor TDK C4532X7R1E106K, 10uF

Coupling Capacitor =~ TDK C4532X7R1H225K, 2.2uF

Input Inductor Coilcraft DO3316T, 6.8uH
Output Inductor Coilcraft DO5022P, 22uH
Sensing Resistor WSL1206R015, 15m

Table 5.5 PCC-SEPIC #2, alternate power stage components.

Coupling Capacitor TDK C4532X7TR1H475K, 4.7uF

Coupling Capacitor TDK C4532X7R1H476K, 47uF

Output Inductor Coilcraft DO5022P, 47TuH
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5.3 PCC SEPIC #3

Fig. 5.7 shows the measured CTO of the converter, obtained at
minimum input voltage and maximum load Values of the damping
branch components are R; = 3.3Q2 and Cy = 15uF. From Fig.
3.25 shown in chapter 3, section 3.3, the corresponding damping
factor of the dominant complex pole pair of Gj.. is around 0.3.
To underline the impact of the R, - Cy values on the inductor
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Figure 5.7 PCC-SEPIC #3, CTO gain. Vi, = 3V, I, = 1.2A.

current during transients, the closed loop transient response of
the output inductor current due to an input voltage change from
Vin = 6.5V to V;,, = 3V are shown in Fig. 5.8 and in Fig. 5.9. Fig.
5.8 refers to the damping solution obtained using R; = 3.3 and
Cy = 15 F, while Fig. 5.9 refers to the damping solution obtained
using Ry = 0.650Q2 and Cy = 15 F'. Fig. 5.10 shows a comparison
between the G, obtained only with the current loop closed and
the GG, obtained with current and voltage loops closed. It is clear
that the two gains are similar near the resonant frequency of the
converter. Indeed, although measurements were taken with both
inner current loop and output voltage loop closed, the results are
coherent with Table 3.5 and with the time domain simulations of
Fig. 3.26 and Fig. 3.27, referred to solutions b and c in table 3.4.
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The damping branch using R; = 3.3(2 allows for a faster response
and a lower peak of the inductor current.
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Figure 5.8 PCC-SEPIC #3, closed loop response of the output inductor
current to a line transient. Ry = 3300mS2 , Cy = 15uF, V; =6.5V,
Vi =3V, L, = 1A.
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Figure 5.9 PCC-SEPIC #3, closed loop response of the output inductor
current to a line transient. Ry = 650m$2 , Cy = 15uF, V; = 6.5V,
Vi =3V, I, = 1A.
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Figure 5.10 PCC-SEPIC #3, Comparisons between MATLAB generated
G, with closed current loop (black curve) and with current and voltage
loops closed (gray curve). Rq = 3300m$) , Cyq = 15uF (solid curves).Ry =

600mSY , Cq = 15pF (dashed curves). Vi, = 3V, I = 1.2A.

Table 5.6 PCC-SEPIC #3, power stage components.

MOSFET Vishay Si4686DY
DIODE OnSemiconductor MBRS260T3G
Output Capacitor Sanyo 16SVPC270M, 270uF
Input Capacitor TDK C4532X7R1E106K, 10uF
Coupling Capacitor TDK C4532X7R1H225K, 2.2uF
Input Inductor Coilcraft DO3316T, 6.8uH
Output Inductor Coilcraft DO3316T, 6.8uH
Damping Capacitor 15uF, ESR = 0.6£2 @ 100kHz
External Damping Resistance 2.7Q

Sensing Resistor WSL1206R015, 15m)
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Table 5.7 PCC SEPIC #2 and #3, compensation network components
values

Reomp 1.1kQ

Ccompl 2.2nF

Ccomp2 220nF

5.4 PCC Cuk #1

The couples of Cy and F;,, values used in the experimental valida-
tions of the PCC-Cuk example discussed in chapter 4, section 4.2
are listed in table 5.8. The steady state output voltage ripple of
the converter is shown in Fig. 5.11 and Fig. 5.12. As the voltage
ripple is only 10mV', the switching node voltage is also shown to
make accurate measurements of the switching frequency. Stable
behavior can be observed. This result is in agreement with the
predictions based on the lossless reduced-order model discussed in
chapter 4. Note that the output voltage ripple is much smaller
than the one measured for the PCC-SEPIC #1, although the
switching frequency and the power stage passive components are
the same. This happens because the output inductor is directly
connected to the load, and hence the current ripple in the output
capacitors is much smaller with respect to the SEPIC prototype.
This may allow for a reduction of the output capacitors number
and size [63].

Table 5.8 couples of F,, and C values used for validations

F, =10V"! C, = 4.4uF

F,, =10V~! C, = 2.2uF
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Figure 5.11 PCC-Cuk #1, C, = 4.4uF, F,, = 10V ~!. Channel 1: output
voltage ripple, Channel 2: switching node voltage.
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Figure 5.12 PCC-Cuk #1, Cy = 2.2uF, F,,, = 10V !, Channel 1: output
voltage ripple, Channel 2: switching node voltage.
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Table 5.9 PCC Cuk #1, Power stage components

MOSFET Vishay Si4840DY

DIODE OnSemiconductor MBRS260T3G

Output Capacitor  2X Sanyo 16SVPC270M in parallel, 270uF
equivalent capacitance 540uF

Input capacitor TDK C4532X7R1E106K, 10uF

2X TDK C4532X7R1H225K, 2.2y F
equivalent capacitance 4.4y F

Coupling Capacitor

TDK C4532X7R1H225K, 2.2uF

Input Inductor Coilcraft MSS1260-563, 56uH
Output Inductor Coilcraft DO5022P-154, 150uH
Sensing Resistor WSL-2512 0.025, 25mS2

Table 5.10 PCC Cuk #1, compensation network components values

Reomp 1.4k

Coompt  ATORF

CcompZ 3.3nF
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5.5 PCC Cuk #2

Input and output specifications of the second Cuk prototype are as
follows: Vi, = 4V, Vs = 5V, I,,; = 1.5A. The switching frequency
is 100kHz, the input inductance L; is 564 H , the output inductance
L, is 150uH and the output capacitance C, is 540uF'. Note that
L, =267 > M. In Fig. 5.13, the approximated stability bound-
ary and the numerical evaluated stability region (including losses)
are shown: The red dots mark the couples of C and F,, values

1 2 3 4 5 6
Cs (uF)

Figure 5.13 PCC-Cuk #2 numerically evaluated stability region (dark

green area) and approximated stability boundary (red curve) as a function
of F,, and Cs. L, > M.

used in the validations. In Fig. 5.14, the measured output voltage
ripple and the switching node voltage are shown for the converter
realized using C, = 4.4uF and F,, = 10V 1. Stable behavior can
be observed. In Fig. 5.15 and Fig. 5.16, the measured output
voltage ripple and the coupling capacitor voltage of the converter
realized using Cy = 1uF and F,, = 10V ! are shown respectively.
The switching node voltage is also shown. The low frequency os-
cillation (12.3 kHz) clearly indicates that the converter is unstable.
These results are in agreement with the prediction based on the
approximated stability boundary discussed in chapter 4.
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Figure 5.14 PCC-Cuk #2, Cy = 4.4uF, F,, = 10V ~!. Channel 1: output
voltage ripple, Channel 2: switching node voltage.
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Figure 5.16 PCC-Cuk #2, C; = 1uF, F,, = 10V ~!. Channel 1: coupling
capacitor voltage, Channel 2: switching node voltage.
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Table 5.11 PCC Cuk #2, Power stage components

MOSFET Vishay Si4840DY

DIODE OnSemiconductor MBRS260T3G

Output Capacitor  2X Sanyo 16SVPC270M in parallel, 270uF
equivalent capacitance 540uF

Input capacitor TDK C4532X7R1E106K, 10uF

2X TDK C4532X7R1H225K, 2.2uF
equivalent capacitance 4.4 F'

Coupling Capacitor

TDK C4532X7R1H105K, 1uF

Input Inductor Coilcraft MSS1260-563, 56uH
Output Inductor Coilcraft DO5022P-154, 150uH
Sensing Resistor WSL-2512 0.01, 10mS2

Table 5.12 PCC Cuk #2, compensation network components values

Reomp 4700

Ccompl 14IU/F

Ccomp2 3.3nF







Conclusions

In this dissertation, the stability properties of fourth order peak-
current-controlled (PCC) step up/down SEPIC and Cuk DC/DC
converters are investigated. The simplifying assumptions usually
found in literature when deriving the current controller model are
discussed, and a refined small signal model is proposed. Its use
allows to highlight the unreliability of stability predictions when
traditional small signal models of the current controller are ap-
plied to PCC-SEPIC and PCC-Cuk.

Taking the proposed model as a starting point, stability conditions
are derived for both converters. Through an appropriate reduced-
order lossless model, closed-form analytical stability boundaries
are derived, which unveil the joint impact of power stage pas-
sive components and of the current modulator gain on stability.
In particular, a minimum value for the coupling capacitance is
identified, and a boundary curve that relates the value of the cur-
rent modulator gain to the coupling capacitance is derived. Such
boundary curve may represent either a lower or an upper boundary
for the current modulator gain, depending on the ratio between
the output and input inductances values. To validate and criti-
cally evaluate the results obtained with the use of the proposed
reduced-order model, a full-order model of both converters is de-
rived using the SSA technique and including resistive losses of
the power stage components. The use of a numerical procedure
based on the Routh-Hurwitz criterion highlights that the stability
boundaries based on the reduced-order model may be too con-
servative, as the beneficial influence of the losses in damping the
system oscillations are neglected. However, such boundaries pro-
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vide a valuable alert when designing high efficiency systems. These
results lead to conclude that only numerical calculations of poles
of the control-to-output gain can provide solution to the search of
the proper compromise among parameters of passive components
required to guarantee the current loop stability.

With particular reference to PCC-SEPIC, the use of the complete
small signal model, including losses, leads to the determination
of reliable stability predictions as a function of input and output
inductances, coupling capacitance and current modulator gain val-
ues. The importance of the coupling capacitor value in ensuring
both stability and adequate dynamic response in presence of line
transients events is investigated. It is highlighted that good dy-
namic performances can be obtained either by proper selection of
input and output inductances in relation to the coupling capac-
itor value or through the use of a damping technique based on
an additional resistive-capacitive (R-C) branch placed in parallel
to the coupling capacitance. This additional damping branch al-
lows to mitigate the constraints on input and output inductances
values imposed by stability considerations. The numerical results
obtained allow to give some design guidelines for proper sizing
of passive components and for the use of the additional damp-
ing branch technique. If pure inductive damping is adopted, i.e.,
if no additional damping branch is included in the circuit, the
ratio between output and input inductances must be sufficiently
higher than voltage conversion ratio. This guarantees both sta-
bility and adequate damping of the voltage oscillations across the
coupling capacitor due to line transients events. Increasing the
coupling capacitance value may help preventing the oversize of
the output inductor to guarantee stability in high voltage ratio
applications. However, there exist a maximum for the coupling
capacitance value above which the damping of the oscillations of
the voltage across the coupling capacitor decreases. The use of
the additional R-C damping branch can help in those applications
where the inductance ratio needed to achieve the required damp-
ing is too big. When using the damping branch, solutions to prefer
for its components are the ones that ensure lowest sensitivity to
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parametric changes, lowest current peaks in the inductors during
line transients and lowest dissipation in the damping resistance.
Simulations and experimental verifications confirm the validity of
the results.
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