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Design and Analysis of a Class of Zero Fundamental
Ripple Converters

Pourya Shamsi, Member, IEEE, and Ang Shen, Member, IEEE

Abstract—This paper introduces the design procedure for a class
of bidirectional zero fundamental ripple or zero first-order ripple
(ZFR) dc—dc converters. ZFR topologies eliminate the first-order
switching ripples by utilizing a coupled inductor. As a result, these
converters require smaller inductive and capacitive filtering ele-
ments. After introducing the modes of operation, the average model
of a ZFR converter is derived. Using this model, a scheme for opti-
mal design of the damping circuitry is introduced. Also, the overall
design procedure for a ZFR converter is introduced using an ex-
ample. The designed ZFR converter is experimentally evaluated to
demonstrate the effectiveness of the design procedure.

Index Terms—Averaging, damping resistor, ripple canceling,
stability, super boost, zero ripple, ZFR.

1. INTRODUCTION

ONVENTIONALLY, ripples induced in switching con-
C verters are filtered using LC or LCL filters. Although this
method of filtering switching ripples is effective and low cost,
it cannot provide ripple-free voltage and current signals. Ad-
ditionally, if low ripple outputs are of interest, the size of the
converter will increase due to the requirements for larger fil-
tering elements. Unlike traditional applications, modern power
converters are expected to be small, low cost, and offer lighter
weights while maintaining low input/output ripples and high
efficiency. Hence, instead of filtering ripples, canceling them at
the source is of interest.

Ripple canceling techniques are not new [1]. However, these
topologies have not been widely used due to the complexities
associated with their design and in particular, their coupled in-
ductors. Ultra low ripple converters which are often known as
zero ripple converters utilize coupled inductors to compensate
for the switching ripples [1]. The traditional naming of zero rip-
ple converters is not mathematically accurate. Such converters
offer zero fundamental ripple or zero first-order ripples (ZFR)
but will not eliminate higher order ripples.

Various methods of ripple canceling have been proposed in
the literature. For instance, Hosoki and Koizumi[2] investigate
ripple canceling in high gain dc—dc converters, and ripple
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cancellation by interleaving boost converters was investigated
in [3]. Recently, ripple canceling interleaved two switch boost
topologies were investigated in [4] and [5]. This method was ex-
tended to a zero voltage switching approach in [6]. In some ZFR
topologies, only current ports are tuned for canceling ripples [7],
[8]. However, using the same coupled inductor structure, both
current and voltage ripples can be canceled [9]. In [10]-[12],
the applications of ripple cancellation for nonisolated and
isolated buck topologies were investigated. Lu et al. [13] have
investigated ZFR boost topologies with their corresponding
damping circuitry. Also, coupled inductor ripple cancellation
has been integrated with power factor correctors in [14]-[16].

In addition to offering lower ripples and smaller size, ripple
canceling topologies eliminate the need for large electrolyte ca-
pacitors. Electrolyte capacitors are one of the leading causes of
failures in power electronic converters (after connector failures).
In addition, in solar applications where the input ripples can sig-
nificantly reduce the performance of the maximum power point
tracking scheme, a ripple canceling methodology such as [17]
can improve the performance of the system compared with the
traditional filtering techniques. Recently, a multiport ZFR Cuk
for photo-voltaic energy harvesting was introduced in [18] and
[19]. The damping circuitry is a critical design aspect of high-
order converters which has been studied in [20]-[22]. A new
ZFR topology for inverter applications was recently introduced
in [23]. This inverter was also utilized for drive applications
in [24]. However, details regarding the design and modeling of
such topologies were not provided.

In this paper, a general noninterleaved ZFR converter topol-
ogy is introduced. Also, details on modeling and design of this
topology are provided. Contributions of this paper include:

1) development of a design procedure for the class of ZFR

converters under study;

2) development of an average model using a proposed
dummy state variable to incorporate the true behavior of
the coupling transformer;

3) development of an optimization scheme for the selec-
tion of damping C—RC circuitry to eliminate the inherent
modes of oscillation within the converter; and

4) experimental design and development of a 1-kW ZFR
converter for the verification of the design procedure.

II. CLASS OF ZERO FIRST-ORDER RIPPLE CONVERTERS

In this section, a class of damped bidirectional zero first-order
ripple (ZFR) converters is introduced and modeled. In this paper,
first the topology is introduced and modeled.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Bidirectional converter leg: (a) a basic switching converter and
(b) a super switching converter with ripple cancellation mechanisms which
forms a ZFR topology.

(a) (b)

Fig.2. Modes of operation for a ZFR converter: (a) mode A and (b) mode B.

A. ZFR Converters: A Class of Nearly Zero Ripple Converters

Fig. 1(a) illustrates the widely used converter leg which can
operate as a buck or a boost converter to manage the flow of
power between a high-voltage side of C'; and a low-voltage side
of C5. This converter is efficient, small, modular, and has a low
cost of manufacturing. However, the most significant drawback
of this converter is the requirement for large input and output
filtering capacitors. In this converter, ¢z is a train of pulses
and i; has triangular ripples. Both of these currents induce
voltage ripples on the output and input capacitors, respectively.
Traditionally, this issue was resolved by simply selecting large
capacitors for C; and C5. However, this solution increases the
weight, cost, and volume of the converter.

For this reason, the class of ZFR converters is incorporated
to eliminate the requirements for large filtering capacitors. In
the first step, the placement of L; needs to be changed. This in-
ductor, which is the main energy storage element in a switching
converter, is moved in series with the switching unit denoted as
Ls in Fig. 1(b). Then, a coupled inductor is introduced to com-
pensate for the switching ripples as described in the following.

It should be noted that L3 is in fact not a separate inductor and
is the internal magnetizing inductor of the transformer. Hence,
similar to a flyback converter, care should be taken in the design
of the transformer so that the core provides sufficient energy
storage capability (practically, by addition of an air gap). Also,
the duty cycle of Qs is d and the duty cycle of Q1 isd = 1 — d.
Switching period is Ty = 1/ fiy-

The two modes of operation for this ZFR converter are illus-
trated in Fig. 2. These modes are developed with the assumption
of continuous conduction mode (CCM) with respect to Ls. It
should be noted that some benefits of this converter are lost for
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the case of discontinuous conduction mode (DCM) and hence,
DCM is not considered in this paper.

B. Modes of Operation and Design Requirements

When @, is active, L3 is connected to the input (i.e., Cy)
as shown in Fig. 2(a). Hence, a rise in the current of this
inductor is observed such that Lsdiy, /dt = v;,. To compen-
sate for this rise, a transformer is utilized to sample the volt-
age of L3 and create a voltage equal to —av;, across the
inductor Lo. During the steady-state operation of the con-
verter, the voltage of Cj is equal to the input voltage (i.e.,
Uc, = VU, = Uiy).Asaresult, variations in the current of L5 fol-
lows Lodir, /dt = vy — voy — aviy, ~ —avy, (assuming that
the changes in the voltage of C5 are negligible). This cur-
rent variation goes through the transformer 77, : 7T; and ap-
pears as dir, /dt = —adir, /dt = a*v;, on the primary side.
Now, one can notice that ¢, = i1, + i1, + 45, + ¢z, with its
derivative as diy, /dt = (1/L3 — a/Ly + a®/Ls)v;, assuming
that diy,, /dt ~ 0 as will be shown later. By setting di;, /dt = 0,
one will achieve the fundamental requirement of this topology
as L2 = a(l — CL)Lg.

This relation will ensure the cancellation of the first-order
derivative of the input current. In a practical implementation,
the assumption of vc, = vi, cannot be guaranteed. In fact,
Csdve, /dt =iy, . Hence

d' Ty,
LQdiL2 /dt‘g Tow = —QVin —/ iL2 /Cg (1)
0

and the variations of the current follows a second-order differen-
tial equation. As a result, only the first-order ripples of the input
current will be canceled. The above second-order variations are
negligible for a properly designed converter. Additionally, iy,
has a zero dc value. Hence, during each period, the above inte-
gral is calculated over a signal that is crossing zero which helps
to keep the integral negligible. Since only the first derivative
is zero, this converter is called a zero first-order ripple or zero
fundamental ripple (ZFR) converter.

On the output side, C5 is being discharged into the output
capacitor C'; at a constant rate of i,,; = ¢7,,. In the steady-
state operation of the converter C has the same voltage as
the output capacitor. Hence, when the (); is active, variation
of the current of L; is defined by Lidiy, /dt = vy, +vo, —
U1, — Vout. The transformer ratio of 1 : 1 between 77, and T
induces the input voltage (i.e., vy, = vi,)onT;. Also, during the
steady-state operation, vc, =~ Uoyy by neglecting the ripples on
Cs. Therefore, the current of L; is almost constant considering
the fact that Ly diy, /dt = viy + ve, — VT, — Vout = 0. Similar
to Lo, the accurate current of Ly follows Lidiy, / dt\g/Tw =
— [ir, /Ca, which is a second-order differential equation with
the first-order variations of zero in the vicinity of ¢ = 0. Hence,
by properly designing the converter with respect to the switching
period, the claim of almost zero ripple is valid. In conclusion,
the larger Cy and Cj are selected, the better zero ripple behavior
is achieved. But this is gained at a higher cost of manufacturing
and a larger real-estate requirements.

In the second mode of operation, Qs is active as is illustrated
in Fig. 2(b). In this mode v, = vi, — v, < 0. This will dis-
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Fig. 3. Waveforms of the ZFR leg shown in Fig. 2.

charge the magnetizing ramp induced by the first mode. The
equations proving the almost zero ripples are still valid and
hence, the converter will operate with a negligible input or out-
put current ripples. Voltage and current waveforms of the ZFR
leg are shown in Fig. 3. This figure is valid under the assumption
that the variations in voltages of Cy and C5 are negligible. In
such conditions, the sum of i, + 47, + %7, is a dc value and
is equal to 4, — 71, . Now that the fundamental requirement for
achieving the almost zero behavior was introduced, a complete
model of the converter will be derived in the following section.

C. Damping Resistors and Average Model

The proposed converter shown in Fig. 1(b) suffers from low
damping factors on the poles generated by Lo—C3 and L3—L;—
(5 resonant tanks. In practice, one can utilize active damping
methods to actively oppose the oscillations occurring on these
tanks. However, if the tank frequencies are close to the switching
frequency, this approach is not effective. A better approach is to
add damper resistors to reduce the quality factor of these tanks.
However, bypass paths should be considered for the switching
harmonics to eliminate loss of power in these added resistors. A
common approach to design a damped capacitor bank is through
the utilization of a smaller capacitor with low equivalent series
resistor (ESR) in parallel with a larger capacitor in series with a
resistor. This approach is known as C—RC tanks.

The series RC path will add a zero and a pole to the
original transfer function. For instance, a series LC has a
current to voltage transfer function of ipc/vpc = Cs/(1+
LCs?). But if the capacitor is broken into a smaller capac-
itor C7 and a larger capacitor Cy in series with a resistor
R, theresponseisipc /vLc = ((C1 + Cy)s + C1CyRs?) /(1 +
RCys + L(Cy + Cy)s? + LC1Cy Rs®) which can be effec-
tively damped using R without any significant resistance for
frequencies higher than that of 1/1/L(C} 4+ C5). Therefore,
the addition of the two damping circuitry is proposed as shown
in Fig. 4. It should be noted that one can design an equiva-
lent damping circuit using an inductive circuit assuming that
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Fig. 4. Placement of damping resistors within a ZFR converter.

the tank frequency is higher than the switching frequency. But
that approach is more costly. Here, the selection criteria for the
capacitors are to set all of the tank frequencies to a lower fre-
quency than that of the switching frequency as described later
in the design procedure.

To design the damping circuits, the average model of the
power converter shown in Fig. 4 is derived as (assuming that the
duty cycle, d, is fixed) follows:

Lyip, = ve, — v, (2a)
Lyir, = (1—a)ve, —ve, + dave, (2b)
Lsir, = ve, — dvc, (2¢)
Coic, = —d'ig, —dip, + (ve, —ve,) /Ry + dig, (2d)
Csvc, = g, + (v, —vey,)/Ro (2e)
Csvc, = (ve, —ve,)/Ra (2f)
Covcy = (vey —ve,)/Ra (2g)

where df (t)/dt is denoted using f(t). If the transformer was
ideal, 7, would be equal to 77, + air,. However, a technical
problem is that ¢7,, has a dc component which will not pass
through a practical transformer. Hence, one should implement
a practical transformer as a dynamical system with a transfer
function of s/(s + 2mb), where b defines the passband of the
transformer. This transformer introduces a zero on the dc fre-
quency to eliminate any transfer of a dc signal, while the pole
at s = —2mb cancels this effect at higher frequency. Hence, a
high pass system is derived with no gain for dc frequencies and
a gain of one for higher frequencies (i.e., 10b < f). The pole
location b depends on the transformer design parameters. But
for simplicity, one can assume that 0.01fs, < b < 0.2f as
the design of the transformer is for f, . The core area and the
number of turns do not allow for a passband lower than that of
the design parameters (i.e., the magnetizing impedance acts like
a short circuit for lower frequencies). To achieve this, a dummy
state variable of 7, is introduced as

’.L'Tu = 727TbiTa —+ S(Z‘LL/Ll + aiLz /Lg)

—2nbir, + (ve, —ve, )/ s
+ a’(<1 - a’>UC4 — Vg, + davcz )/L2 3)

which can emulate the behavior of a practical transformer.
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Depending on the mode of operation, the converter can be
regulating the voltage of the high side or the voltage of the low
side (i.e., (' is the input side and C} is the output or reverse). In
either case, the input is considered as a voltage source and hence
no equation will be written for the corresponding capacitor. The
output has dynamics described by only one of the following
equations depending on the operation mode:

{011301 =141, —loy @

04’[]04 :iTn _iLl _iLz _iLg _i0L~

To perform stability analysis and to optimally select the
damper parameters, the small signal model of the converter
is of interest. To derive a small signal model, the converter
is considered to be connected to a voltage source on the
low-voltage side which will eliminate the capacitor voltage
equation for C,. Hence, in this paper, it is assumed that the
converter is operating as a boost regulator. However, based
on the above equation, one can derive the following process
for a buck regulator. By defining a vector of state variables
r = [iLl VUL 8Ly > VO, V0, s V0 s VO s VO 5 1T, ]T the small sig-
nal model can be derived as x = T + 2, where 7 is vector of the
state variables at the equilibrium condition and Z is the vector
of small signal variations of the state variables.

Using this large signal model, the steady-state value of each
state variable is calculated for a fixed duty cycle of d as

z = [vin/(JRO)vovvin(l - J)/(&QRo)vvin/Ja
vin/cza Vin, vin/Jv Vin, 0] ©)

which can demonstrate the steady-state gain of the converter
as Tout /Vin = 1/d = 1/(1 — d') which is similar to a standard
boost converter. The small signal model of the converter near
the above equilibrium point can be derived as i = A% + B

Arc
Acc
Ac,e Acyc,

03x1
Acr

! 6a
0951 (6a)

—27b

033 032

Act

023

Ace,

0153 Ar,c O1x2

[—1/L, 1/L, 0
ALC = 0 CLCZ/LQ —1/L2
0 —d/Ls 0

(6b)

1/Cy 0 0
—d'/Csy 0 d/Csy
0 1/C5 0

Acr = (6¢)

(CiR) 0 0
Acc = — 0 1/(CaRy) 0
0 0 1/(C3R)

(6d)

0 0
1/(CaRy) 0
0 1/(C3Ry)

Acc, = (6e)
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[0
Acr, = | —d/Cy (61)
0
_ [0 1/(CsRy) 0
Ace=1g "y 1/(0632)] (6¢)
_ [-1/(Cs5Ry) 0
Ac,c, = i 0 1/(C’6R2)} (6h)
Ar,c = [-1/Li (1/Li +d*d/Ls) —a/Ly] (6)

where R, is the output resistor connected to the high-voltage
side (i.e., C1). 0 is a matrix of zeros with an appropriate size.
d' =1 — d is the steady-state duty cycle of the ;. The vector
of inputs is & = [y, d]” and

_ 0 0 _
(1 — a)/L2 ave, /L2
1/L3 —1702/[/3
0 0
B = 0 (iL3+iL1 —iTa)/OZ . @)
0 0
0 0
0 0
| a(l —a)/L, a*ve, /Lo

Using this model, an optimization framework for designing
the damping capacitors is introduced as follows.

From Fig. 4, one can notice that if the damping resistors
go toward infinity, the damping circuits are disconnected. Sim-
ilarly, if the damping resistors go toward zero, both capaci-
tors are added together to form a larger capacitor and hence,
the damping circuitry will vanish. Hence, there is an optimal
value for the damping resistors to maximize the damping per-
formance. To start, the ratio between the capacitors is defined
as k1 = C5/Cy > 1 as well as ky = C/C3 > 1. Cy and Cj
are selected based on other criteria which are introduced in the
next section. However, k; and ko are parameters that have to be
optimally selected using the proposed framework. To optimally
select the set of D = {Ry, Ry, k1, k2 }, one needs to perform
a multiobjective optimization over the feasible range of these
parameters. The proposed optimization is

max O1 + 7109 4+ 705 (8a)
st. v= [y] =[A| |A(D) — AI| = 0] (8b)
1< ky, ks (8¢)

01 = —max(R(v)) (8d)

O, = min(—diag(|v]) " R(v)) (8¢)

O3 = —(k1 + k2) (8f)

where () is the vector of the real parts of its argument, diag(-)
generates a diagonal matrix from its input vector, and v is the
vector of eigenvalues X;, which is defined using (8b). It should
be noted that the matrix A in (6) is a function of D and has to be
dynamically recalculated during the optimization to be used as
the constraint (8b). ; and +» form a linear combination between
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the objectives. O; maximizes the absolute value of the real part
of the slowest pole of the system to achieve a faster settling
time. O, maximizes the lowest damping factor of the poles (O,
will find the lowest damping factor, and the optimization will
then maximize the lowest damping factor). By maximizing the
lowest damping factor, the circuit will be damped as much as
possible to minimize the oscillations caused by the complex
pole pairs. A simple definition for the damping factor ¢ can be
proposes as

¢ =R(4)/|A] )

which defines the damping factor as the ratio between the real
part of the pole and its absolute value. If the pole is imagi-
nary, this value is zero and if the pole is real, this value is one.
Therefore by maximizing this parameter, one can reduce the
impacts of the sinusoidal terms (i.e., imaginary components)
in the time-domain response of the pole. Finally, the third ob-
jective minimizes the sum of k; and k. The larger this sum
is, the larger capacitors are required. Hence, the third objective
aims at finding a compromise between the first two performance
objectives and the cost of the converter.

Additionally, a constraint on the value of the resistors is re-
quired to reduce the passage of the switching currents through
the resistors. If the resistors are too small, the main switching
current will pass through the series RC paths and will reduce
the efficiency of the converter. Consider the block C3—Cs—Rs.
At the switching frequency, the impedance of C5 is |Z¢, | =
1/(27 fswC3) while the impedance of Cs—Ry i |Zcyp,| =
\/1 + 472 kagc?%R%/(Qﬂ-fskaCS) If k= ‘ZCGRZ |/|ZC3 |7
then it is desired to have M times higher impedance for Cs—Ry
compared with the C'3 path at this frequency to ensure passage
of the switching ripples from the C5 path (i.e., K > M > 1).
Hence, a lower boundary for R is derived as

(\/M) /(2 fuskC5) < Ry

where M?k3 is always greater than one since both ko
and M are greater than one. A similar boundary for R;
is (\/M?2k? —1)/(27 fswkC2) < R;. Using these final con-
straints, the optimization can be solved to find the optimal values
for the set D.

The above optimization problem is nonconvex and is NP-hard
(the values of k; and R; are not continuous and depend on the
availability of the components). One can solve this optimization
using a heuristic method such as the particle swarm optimiza-
tion or differential evolution. It should be noted that this is a
design optimization and does not have to be solved very often.
Hence, improving the speed of the optimization is not necessary.

(10)

III. DESIGN PROCEDURE FOR A ZFR DC-DC CONVERTER

In this section, the design procedure for a ZFR boost
converter is introduced along with a design example of a
1-kW 50-100 V ZFR boost converter operating at a switch-
ing frequency of 200 kHz which is experimentally evaluated in
the results section. This section is introduced with respect to
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parameters defined in Fig. 4. Based on the model developed
earlier, the steady-state ratings of each element is calculated.

A. Power Stage Design

The first step in designing a ZFR converter starts with the
selection of a nominal current ripple on the magnetizing in-
ductance of the transformer L. This approach is similar to the
design procedure for a boost or a fly back converter. In practice,
a current ripple of 25% can lead to satisfactory results. It should
be noted that although the input current has no ripples, the mag-
netizing current of the transformer has ripples and these ripples
define the CCM range for the converter. Using the up ramp in
the current of the inductor, one can derive

L3 = Vin d/Tsw/(2kgL3 ) (1 1)

where k is the desired ratio between the amplitude of the current
ripple to the nominal average current. For the 1 kW converter
under study, k¥ = 25% and hence, L3 is 25 pH which is set
to 28 pH (due to the quantization effect while wrapping the
coil in the experimental section). This value is the magnetizing
inductance of the transformer seen from 7,.

The next step is to design the input ripple canceling circuit.
The ratio of the transformer for T}, : T, is 1 : 1. However, the
selection of 77, : T} is a design choice. For the proper operation
of the circuit, Ly = a(1 — a)L3. Hence, 0 < a < 1 is a bound-
ary for selecting a. To optimally select a, one should note that
the voltage applied Lo is avy, and hence, the current of this
inductor is proportional to a/ Ly . Also, the total energy stored in
this inductor is proportional to L»33 = and so to a® / L. However,
Ly = a(1 — a)L3. Therefore, the energy stored in this inductor
which is directly responsible for the size and volume of this
inductor is proportional to a/(1 — a). As a result, naturally,
one tries to minimize this value on the range of 0 < a < 1. It
should be noted that L is the sum of the leakage inductance
of T, and an added inductance of L. Hence, there is another
minimum boundary induced by the leakage inductance of 7}, as
Li_7, <a(l —a)L;s (i.e., the added inductance of L, cannot
be a negative value). Therefore, the optimal value for a is in
fact the ratio between the leakage inductance of L;_7, and the
magnetizing inductance, L3. However, to enforce the placement
of the main magnetizing behavior on 7},, a small added induc-
tance, L), in series with 7T}, is recommended. In this paper, it is
suggested that a = 0.25. Hence, for the 1-kW example under
study, Ly = L;_7, + L, = 5.2 uH (in the practical example,
the leakage inductance of 7}, is measured at 4.2 4H and hence,
Ly =1 uH).

The selection of (5 is a tradeoff between the cost and the
performance. Higher capacitance values will allow for better
ripple cancellation but at a higher cost. The lowest value that can
be selected is limited by the resonance frequency of Lo—(Cs—
Cs). To have a good ripple cancellation, the voltage ripples of
this capacitor are limited to a factor of k& = 1% to 10%. Voltage
of this capacitor varies as a result of i7,. Hence, assuming a
linear ramp for the current of Lo, the current of ¢7, by the
end of d'Tyy is i, = avind Ty /2Ls. Current of Ly is roughly
triangular. To get a simple model for the current of Cj, it is
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assumed that the average of this current is passing through the
capacitor (i.e., the triangle is represented by its dc average).
Hence, as an approximation, to get k% ripple on v, , one can
derive

C3 = ad'T?, /(8Lak) (12)

and with k = 2%, C5 ~ 4 uF. But to ensure stable operation of
the converter and for proper selection of the damping resistors,
one should care to set the tank frequency of C5—Ls to at least
0.5-2 decades below the switching frequency (otherwise, either
the circuit is not properly damped or the efficiency is reduced
as the main switching ripples will pass through the damping re-
sistors). In this example, fr,c, =~ 25kHz which is 0.85 decade
below the switching frequency. Hence, C} is increased to 8 uF
to achieve the 1 decade separation. This approach will slightly
increase the cost of the converter while improving its efficiency
(this separation allow for proper design of the damping resis-
tor and to prevent any switching ripples passing through the
damping resistor). For a practical implementation, one needs a
capacitor with the selected value and with a current tolerance
of ifM3 = avind' Ty / (24/(3)L2). In this example, this value
is 2A.

The next step is to select L;. L, is the total inductance of the
leakage inductance of 7, and an external inductor L} as L; =
L;_p, + Lj. This inductor is to prohibit variations of current
on the T, side. Hence, by selecting a sufficiently large inductor,
Ly can regulate the current of its path and prevent variations
in the current of 7,.. The minimum value for this inductance is
the leakage inductance of 7, itself. However, it is recommended
to add a series inductance L} so that the total inductance in
this path is twice as large as L3 to ensure that the magnetizing
behavior appears on 7, . In the example under study, an external
inductor of L] = 25 uH is added to the leakage inductance of
L;_7, which is measured at 28 ;/H.

(5 can be selected by assuming a nominal voltage ripple as
well. The voltage ripple of this capacitor is almost canceled by
the voltage induced on 7, and will not directly propagate to
the output (unlink conventional converters, in this converter the
ripple is passed as a second-order differential equation which
relaxes the requirements for larger capacitance values). In this
paper, a nominal ripple of k = 2.5% is considered. Therefore,

Cy = d'Tyy /(kR,) (13)

and hence, Cy = 10 uF for the example under study. After se-
lection of this capacitor, the resonant tank frequency of Ls—L;—
(5 has to be checked to ensure sufficient separation from the
switching frequency. In this case, f1,, 1,c, >~ 5kHz. For a prac-
tical implementation, one needs a capacitor with the selected
capacitance and a current ripple tolerance of igi\’ls
vin /(dR,). In this example, this value is 10 A and hence, a high
current, low ESR metalized polypropylene film capacitor will
be selected.

The output capacitor does not have any specific requirements
as the ripples on this capacitor are theoretically negligible. One
can design this capacitor based on the full load step considering
the bandwidth of the converter. If the converter has a full step
response time of Ti.+1¢, then the output capacitor should tolerate

= lout =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 6, JUNE 2017

the full load from the time of the load step t to ¢ + Tiet1e With
a maximum drop of £%. Hence, Tictt10/(kR,) < Cy. In this
example, C; = 7.5 uF.

Finally, to optimally find the damping parameters, the cir-
cuit parameters of Cy = 7.5 uF, Cy, = 10 uF, C3 = 8 uF, L, =
25 uH, Ly = 5.2 uH, and L3 = 28 uH are placed in (6) to de-
rive the state matrix A. This matrix is a 9 x 9 matrix with four
unknown parameters of C5, Cy, Ry, and Ry. To perform the
optimization (8), C5 = ki Cy and Cy = ko C5 and the optimiza-
tion is performed on k; and k, instead as described before.
Also, k; and k5 have to be larger than one to provide the desired
damping behavior. Larger values of k; and ks will add to the
cost and real-estate requirements of the design. Hence, as a rule
of thumb, many industries use a k value of 2 or 3 to design a
C-RC damping scheme. Also, k; and k- are selected as frac-
tional numbers based on the availability of capacitors. In this
example, k1 and ko are selected from the set {1.5, 2, 2.5, 3}.
Constraints on R; and Ry are defined using (10). In (10), M
is selected as M = 5 to guarantee the RC-path impedance of
at least five times higher than the C path at the frequency of
switching. This will improve the efficiency of the converter by
reducing the flow of the switching current through the RC path.
Based on this M and using the largest k’s, the constraints are de-
rived as 0.4Q < R; and 0.49€) < Rs. Also, the values of these
resistors are restricted to the standard 1% resistor table. The
objective of the optimization is

min[max(R(v)) + max(diag(|v|) ' R(v)) + K]  (14)
where K = k; + ky. By solving this optimization problem
using PSO, Ry = 1.2, Ry = 1.3Q, k; = 2, and ks = 2.

B. Controller Design

In this paper, PI controllers are considered for the current
and voltage regulators. Although more advanced type of con-
trollers are applicable, majority of the industries prefer simple
analog controllers to achieve cost effectiveness. To design the PI
controllers, two approaches can be taken. In the first approach,
the linearized model of the system can be reduced in order. It
has been shown that a reduced order model can improve the
performance of the controllers designed based on the analyt-
ical methods. In the second approach, the order of the model
is not reduced and the controller parameters are numerically
optimized to achieve the desired performance indices. The sec-
ond method requires numerical optimization but will deliver the
optimal compensator coefficients. In this paper, PI parameters
are optimized using the full small signal model of the system in
Matlab. In the first step, the current controller has to be designed.

The ZFR converter under study has multiple current paths
that can be regulated. The magnetizing current of the converter
i1, defines the power flowing through the converter and can be
considered as the main current to be regulated. However, L3
is an imaginary inductor and the current of this inductor is not
measurable. The current of the primary side of the transformer
can be written as iy, — i1, =i, — %Ll — air,. This current
is measurable and contains information regarding the current
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ripples which can be used for fault circuitry and peak current
control.

In the example under study, the input current is of interest. In-
put current can be described as ¢, =i, +ir, + i1, — i1, =
(iz, —ir,) + (1 —a)ig, +iz, which does not contain the
first-order switching ripples and has a steady-state value of
vin/(d*R,). Due to lower ripple contents, this current allows
for a better PI controller design with reduced ripple pass-
through challenges in analog implementation of proportional
controllers. Based on the model developed before, a selection
matrix of C=[1, 1,1, 0, 0, 0, 0, 0, — 1] can extract the input cur-
rent as 4y, (s)/d(s) = C#(s) = C(sT — A)~' B[0,1], where
[0, 1]7 selects the duty cycle as the input. During the controller
design, one should note that the model is derived based on
the duty cycle of Q2. However, the converter is operating in
the boost mode. Hence, the controller requires to have one ad-
ditional negative sign for stability since 4, (s)/d(s)|s o < 0.
This PI controller will regulate the current passing through the
converter. Knowing the duty cycle, one can directly control the
magnetizing current of the converter using this PI controller and
without adding a separate current sensor on 7.

By robust tuning of PI parameters using Matlab, an op-
timized PI controller for this design is derived as k,, (1 +
ki, /s) with k, =0.00092 and k;, = 14000. This PI con-
troller generates the small signal variations of d as a func-
tion of the current feedback. Meanwhile, the large signal
duty cycle, d can be calculated as d = vy, / v*cl. Therefore,
the combined feedforward and feedback controllers is d =
Ve, [(Roiy,) — Ky, (14 Ky, /s) (i, —4in) which can be writ-
tenas d = vin /vy, — ky, (1 + ki, /5)(45, — i) to eliminate the
dependence on R, (the superscript * denotes the reference
parameter).

Next, by combining the current controller and the small sig-
nal of the system in Matlab, a voltage controller is designed
for the closed-loop current-controlled example as k,, (1 + k;, ),
where £k, = 0.23 and k;, = 14 000. Now, the voltage and cur-
rent controllers are designed and can be implemented as well as
the hardware.

IV. CONVERTER DEVELOPMENT AND EXPERIMENTAL RESULTS

In this section, the 1-kW 50-100 V converter designed in this
paper will be developed and evaluated.

A. Coupled Inductor Development

It should be noted that the total N x I in the magnetic core
of the coupled inductor is N, it + a*N,ir, + N,ir,, where
N, is the number of turns for 7}, [see Fig. 1(b)]. Based on the
equilibrium point derived in (5), the dc magnetizing term of
the core is N, viy, / d? R, which will be added by the ripple terms
including the major ripples of L3 as v, (1 — d)T%y, /2L3. Hence,
as the gain of the converter is increased, the magnetizing current
increases by a square factor. This is a significant drawback
for this converter. However, as long as a reasonable gain is
demanded, the total magnetic core required will be smaller than
that of a traditional topology offering the same input/output
ripples.
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Fig.5. Testing of the inductor under a bias of v, /d? R, = 20 A.

Fig. 6.

Designed 1-kW 50-100 V bidirectional ZFR boost converter.

In this example, the gain of the converter is set to 2. Hence,
the inductor will have to handle slightly more than 20 A without
entering saturation. To implement this inductor, an ETD core is
wrapped with 12 turns of four parallel Litz wires to construct
Ty, 12 turns of four parallel Litz wires for 7¢, and 4 turns of
the same Litz wire for T;, (the wire used are rated for 2.5 A).
This inductor was tested under a 20 A dc bias to ensure its
performance and maintaining its inductance at the maximum
load. This test is shown in Fig. 5.

B. Experimental Results

The final converter is developed and is depicted in Fig. 6. In
this section, different sets of loads are applied to this converter.
First, the converter is loaded at 25% of its nominal rating. Results
are plotted in Fig. 7. It can be observed that the output voltage
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and current are almost flat. This is achieved with about 20 uF
of total output capacitance. The reason for the slight deviation
on the current measurements is the electromagnetic interference
(EMI) induced on the current probes due to their close proximity
to the magnetic core. The output of the converter is connected
to a resistive load and hence, in reality, the output current is as
flat as the output voltage.

The input current has a slightly higher ripples. The main rea-
son for such ripples is the nonideal ripple cancellation due to
the practical development of the circuit. The perfect cancel-
lation can be achieved only if Ly = a(1 — a)L3. However, in
a real-world development of the converter, exact matching of
the inductors cannot be achieved. Considering the utilization of
only 4.7 uF input capacitor, this converter offers a much lower
input ripples compared with a traditional topology.

Now, the load is increased to 500 W. This scenario is
illustrated in Fig. 8. It can be observed that the signals are still
satisfactory. However, the effects of EMI are impacting the
measurements more than the previous case. In the last case, the
converter is fully loaded and the signals are illustrated in Fig. 9.
It can be observed that the input current is smoother in the 50%
and 100% tests. This is due to the variations of the inductors as a
function of current. The testing of the inductors was performed
at the full load. Hence, the accuracy of Ly = a(1 —a)Ls is
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higher near the full load. Fig. 9 illustrates a very flat input and
output currents, which demonstrate the effectiveness of the
proposed bidirectional topology and the design process.

A step-up response of the ZFR boost is plotted in Fig. 10. The
initial reference voltage of the converter is set to the minimum
voltage that will maintain the CCM with the nominal load. This
voltage is 60 V. The step response is applied by setting the
reference to the nominal value of 100 V. Results are plotted
in Fig. 10. It can be observed that the settling time is close to
160 ps. Also, the voltage of L3 is swinging between v;, and
—(vy — viy) which is initially equal to +50 V and —10 V and
has gradually increased to +50 V and —50 V.

The measured efficiency plot of the designed ZFR converter is
shown in Fig. 11. In this figure, the power train plot illustrates the
input—output efficiency of the ZFR boost without including the
power required to run the controller and the gate drivers. The full
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TABLE I
COMPARISON BETWEEN A ZFR AND A TRADITIONAL 1-KW BIDIRECTIONAL
BoOST CONVERTERS OFFERING THE SAME INPUT AND OUTPUT RIPPLES

Parameter ZFR Traditional
Inductor

- Total Inductance 60 H 420 uH

- Weight 120 g 900¢g

- Volume 50 cm?® 600 cm?
Capacitors

- Total Capacitance ~ ~ 55 uF 4700 nF

- Weight 60 g 700 g

- Volume 42 cm? 820 cm?®

system plot illustrates the efficiency of the system, including the
controllers, gate drivers, and auxiliary power supplies. It can be
observed that the efficiency of the converter has its maximum at
100 W output power. The reason for this behavior is the structure
of the coupled inductor. The coupled inductor has a dc current
bias of Ni;,. This bias current does not contribute to the ripple
canceling behavior. However, it will shift the magnetic flux of
the coupled inductor toward 0.25 T causing higher magnetic
losses for the high-frequency components of the current. The
Ferrite core used in this design is recommended to be operated
atunder 0.1 T at 200 kHz. Hence, as the output power increases,
the magnetic losses in the inductor will increase exponentially.

The comparison between the proposed ZFR boost and a tradi-
tional boost offering the same input and output ripples is shown
in Table I. The switching frequency for the traditional boost
converter is the same as the ZFR boost. Since the traditional
boost does not demonstrate ripple canceling behavior, a larger
inductor is required to filter the input current. Additionally, the
output current of a traditional boost converter is not continuous.
Hence, a very large capacitor is needed to achieve the same level
of output ripples as a ZFR boost. In particular, the efficiency of
a traditional converter offering the same input and output rip-
ples is lower than a ZFR boost. Between the two converters,
the losses on the switches are the same as the switches will
observe the same current and voltage stresses. However, if a
same magnetic material is used, to achieve the required 420 uH
filtering inductor, the volume of the magnetic material has to be
seven times larger (under the same flux density). And since the
losses in the magnetic material are proportional to the volume,
the magnetic losses of the traditional boost will be higher. At the
same time, the higher number of turns used to achieve 420 uH
will lead to higher copper losses. In addition, the capacitors
in the traditional boost are electrolytic. Electrolytic capacitors
have higher ESRs and generate more losses.

V. CONCLUSION

This paper introduced a class of bidirectional ZFR legs. An
average model for such legs was developed for both buck and
boost modes of operation. A design procedure for the pro-
posed ZFR legs was introduced. Later, the small signal model
of the converter was developed and a procedure to optimally de-
sign the damping circuitry was provided. Finally, experimental
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measurements from a 1-kW ZFR boost were illustrated and
the effectiveness of the ZFR topology in providing low ripple
input/output currents was demonstrated.
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