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1 Abstract: Power converters with coupled inductors are very promising due to the high efficiency and
= high voltage gain. Apart from the aforementioned advantages, the boost-flyback converter reduces
s the voltage stress on the semiconductors. However, to obtain good performance with high voltage
s gains, the controller must include two control loops (current and voltage), and a compensation
s ramp. One of the most used control techniques for power converters is the peak current-mode
s  control with compensation ramp. However, in the case of a boost-flyback converter there is no
»  mathematical expression in the literature, to compute the slope of the compensation ramp. In this
e  paper, a formula to compute the slope of the compensation ramp is proposed in such a way that a
»  stable period-1 orbit is obtained. This formula is based on the values of the circuit parameters, such
1o as inductances, capacitances, input voltage, switching frequency and includes some assumptions
1 related to internal resistances, output voltages, and some other electrical properties related with the
1= physical construction of the circuit. The formula is verified numerically using the saltation matrix
1z and experimentally using a test circuit.

1u  Keywords: Slope Compensation; Coupled Inductors; Current Mode Control; Boost-Flyback
15 Converter

¢ 1. Introduction

-

17 High step-up power converters are one of the main devices used in photovoltaic applications
s [1-5]. In such applications efficiency is vital, and for this reason, single-stage converters are preferable
1o [3,4]. One way to get high gains with a single-stage of conversion is by using coupled inductors, where
20 basics structures as boost and flyback can be coupled, improving advantages of every configurartion
a2 to extend the voltage conversion ratio, to suppress the switch voltage spike, recycle the leakage
=2 energy and get high efficiency [3,4,6]. For example, in [3], by means of coupling, a buck-boost-flyback
= converter is proposed. This converter consists of one MOSFET, four diodes, three inductors and
2a  three capacitors, which would suppose a high complexity in the stages of modeling and design of the
2 controller. This due to the high order of the equations that would be generated (sixth order) and the
2 number of semiconductors (five). In [4], a sepic-boost-flyback converter is proposed. This converter is
2z composed by four semiconductors and eight energy storage elements, which difficulties the analysis,
2s and also reports lower efficiencies than the converter studied in [3]. In [2,7], it is proposed the coupling
20 of one or several cells of flyback converters with switched capacitors. Although these applications
s considerably increase the voltages, the complexity of the model is high, due to the great number of
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a1 semiconductors and energy storage elements. A good trade-off between voltage elevation, efficiency
»2  and complexity was achieved in [8,9], where by means of coupling, a boost and a flyback converter are
s integrated becoming a boost-flyback converter.

34 Since its appearance, the boost-flyback converter has been progressively improved: in [10], it is
s shown that the best efficiency is achieved when the turns ratio between the coupled coils is equal to
s two. In [11,12], it was shown that efficiency and voltage gain can be improved adding other primary
sz and secondary coils. In [13], efficiency of the converter is improved for gains greater than eight by
s adding a switched coupled inductor. A drawback is that all the improvements that involve the addition
s of new energy storage elements or diodes increase the complexity of the system.

40 Due to the high voltage gain, high efficiency and low complexity, the boost-flyback converter is
«1 widely used in hybrid electric vehicles [14,15], in voltage balancing of differential power processing
a2 systems [16], in low scale arrays of photo-voltaic panels [17], in LED lighting [18,19] and in some
«s  applications of power factor correction [19]. However, the modelling, simulation and control is more
4 difficult to do than other converters, because it has three switching devices (two diodes and one
as  MOSFET). Nevertheless, the boost-flyback converter can be modeled as a piecewise linear dynamical
s system (PWLDS). A lot of work in PWLDS analysis has been reported in literature, which includes
«z applications in power converters [20-22]. In [23], the boost-flyback converter has been modeled and
«s analyzed using PWLDS. In that work, sliding control is applied by means of complementary model. In
a0 [24], a complete analysis of the stability and transition to chaos of this converter has been reported. in
so  [25], the coexistence of period-1, period-2, and chaotic orbits is shown using bifurcation analysis of the
s1  coupling coefficient of the inductors.

52 One of the most popular control technique in power converters is the so-called peak current-mode
ss control [26]. However, when this controller is used, it is necessary to design a compensation ramp to
s« avoid the phenomena of fast-scale related to the inner control loop [27,28] and slow-scale due to the
ss outer control loop [29,30]. Both dynamic behaviors have widely been studied, obtaining stability limits
ss for period-1 orbits, in [31,32], using a frequency analysis are included the output voltage ripple effects
sz to find a more precise expression for compensation ramp. On the other hand, in [33,34], a steady-state
ss approach is used to obtain stability limits. However, in these works only two switching configurations
ss has been taken into account, when in practice the boost-flyback converter presents four switching
e configurations making difficult to calculate a precise mathematical expression for the slope of the
e1 compensation ramp to avoid subharmonics.

62 In this paper, an analytical expression to determine the value of the slope compensation for a
es  boost-flyback converter with peak current-mode control is calculated, which includes only fast-scale
e« phenomenons. Computations are made assuming ideal circuit elements and the results are compared
es with numerical simulations obtained using models with internal resistors as well as with experiments.
es For numerical comparisons, bifurcation diagrams and the Largest Absolute Value of the Eigenvalues
ez (LAVE) are computed. The bifurcation diagram are computed by brute force, and the LAVEs use
es the solutions of the dynamical equations which are determined by the monodromy matrix and the
eo saltation matrix for the switching instants [35]. The experiments are carried out in a lab prototype of
70 100 Watts. All results show good agreement and small deviations are presumably due to the fact that
= internal resistances are not considered in the simplified model.

72 The rest of the paper is organized as follows. In section II, the operation mode of the boost-flyback
7s converter is explained, as well as the peak-current mode control. In section III, the computations to
za obtain the mathematical expression for the slope compensation are presented. In section IV, numerical
7 results are shown and compared. These are obtained using the derived formula for a particular
76 example of the converter using parameters similar to those in the experimental set up including the
7z non-ideal model (internal resistance for some of the components). In section V, the experimental results
7e attained with a 100 Watts lab prototype are presented and compared with the results in previous
7 sections. Finally, in Section VI the conclusions are given.

80
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s1 2. Mathematical Modeling
o2 2.1. Boost-Flyback Converter
o3 A boost-flyback power converter is depicted in figure 1. It mainly consists of two coupled

s« inductors (Lp, Ls), two capacitors (Cy, C2), one MOSFET (S), and two diodes (D1, D2). The MOSFET is
es controlled while the diodes commutate depending on their polarization. As the name states, it is the
es union of a boost and a flyback converter, and it allows to obtain high gain and high efficiency while
ez the stress voltage in the semiconductor devices decreases in comparison with a standard flyback [9,10].
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Figure 1. Boost-flyback converter topology.

e8 As the semiconductor devices are three, there are eight possible switch configurations or states:
s Ej... Eg. However, it has been shown that only six states have physical meaning [23] and in [24] it
%0 was proven that the controlled system exhibits a period-1 orbit switching among four states such as is
o1 described in Table 1. A schematic diagram of the steady state current behavior in a period-1 solution is
o2 presented in figure 2. The states E1 and E; are present when the MOSFET is on, and the states E3 and
o3 L4 are present when the MOSFET is off.

Table 1. States of the period-1 orbit

l State ‘ S ‘ Dz ‘ Dl ‘
Ey ON | ON | OFF
E, | ON | OFF | OFF
E; | OFF | ON | ON
Ey OFF | ON | OFF

o4 Starting from E; the system evolves as follows: E; — E; — E3 — E4. The change from E; to E; is
os given when i = 0 att = t1; the system changes from E; to E3 when the switching condition is satisfied
o att = DT, which is called the duty cycle and corresponds to the ratio between the time the MOSFET is
oz onand the period T, i.e: D = t,—1/T; E3 changes to E4 when i, = 0 att = f; and finally at t = T the
s system returns to E;. The set of differential equations describing the period-1 orbit are:
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Figure 2. Typical behavior of the currents flowing by the coils in steady state of a period-1 orbit.
9 e State 1: Eq, t € [kT kT + t1]:
% _ (LsVin + MVCZ)
dt n
dis _ (—MVy - LVg,)
dt n
ave, (Ve +Ve,)
dt RCG
dVC2 _ 1_5 _ (VC1 + VCZ) 1)
dt Cy RGC,
100 e State2: Ep, t € (kT+ kT + DT]
dip _ Vin
dis
G 0
ave, (Ve + Vo)
dt RC;
dVC2 _ (VC1 + VCZ) o)
dt RGC,
101 e State 3: E3, f € (kT + DT kT + tZ]Z
dip - (Ls(Vin — V) + MVg,)
dt n
% _ (_M(Vm - VCl) - LPVC2>
dt n
dVC1 _ l_p _ (VC1 + VCZ)
dt Cy RC;
av ] Vi Vi
o _ i (Vo + Vo) 3)

dt Gy RGC,
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102 e State4: Ey, t € (kT+ tr kT + T)

dip
dt
i Vo
dt L
dVC1 _ (VC1 + VCZ)
dt RCq
dve, is (Vo +Ve,)

it ~ G RG @)

103 Where Vj, is the input voltage, i, and is are the primary and secondary currents, V¢, and V, are
10s  the voltages across the capacitors C; and C, M = k,/L,Ls is the mutual inductance which depends
10 on the coupling coefficient k and n = L,L; — M?. The output voltage is Vour = V¢, + Vo,.

106 The peak current-mode control is a widely used technique for the control of power converters
w7 [24,27,31]. A general schematic diagram of the boost-flyback converter with the proposed controller is
108 depicted in figure 3. When a peak current-mode control is used, a fixed switching frequency is obtained
10 and the behavior of the currents are very similar to those depicted in figure 2. At the beginning of the
1o period the MOSFET is active, the current i, grows and the current is decreases down to is = 0; at this
1 time instant (¢1) the dynamical equations describing the system change but the MOSFET continues on
12 until i, is equal to the reference current I7 justatt = DT. Att = DT the switches turns off until the
us  next cycle starts again. The signal I is composed by two parts: the first one (noted as I..) is provided
ue by a PI controller applied to the output voltage error ¢ = V. — V,ut. The second one corresponds to
us the signal supplied by the compensation ramp V, = %mod(t/ T). In this way, the reference current
s can be expressed as:

D,
N
. A1
is .
M/g SIS S
o/ iP N V. §R :lj |>—
YY" out
Ly b .
Vin = E S Ve, /= G -

PI

st— i +

Clock V’M Vies

Figure 3. Boost-flyback converter with peak current-mode control.

o= kpe+ki/edt—%mod(t/T) 5)
(6)
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u7  where kj and k; are the parameters associated to the PI controller and A, corresponds to the amplitude
us  of the compensation ramp. Thanks to the flip-flop, there is only one switching cycle per period. At the
ue  beginning of the period the switch turns on and it remains on until the switching condition i, = I. is
120 achieved (just the corresponding duty cycle). When i, = I, the switch opens and it holds opens until
121 the next period starts. Taking into account sliding is not possible (i.e. there is only one commutation
122 per cycle), the switching condition can be expressed as:

if 0 <
u-{} ozteor
12a Where D € [0, 1] is the duty cycle.
12« 3. Slope Compensation Design
125 As far as the authors know, it has not been reported in the specialized literature a procedure to

126 determine the slope of the compensation ramp for a boost-flyback converter, such that can be used to
127 attain stability of the period-1 orbit. The objective of this section is to analyze the slopes of the currents
12s  flowing through the inductors in order to find an analytical expression to determine the slope of the
120 compensation ramp, such that guarantees the stability of the period-1 orbit. In figure 4, represents the
130 behavior of the currents flowing through primary and secondary coils when the system works in the
11 period-1 orbit described by states Eq, Ey, E3 and E4, and the slopes are clearly marked in the figure.

. AN
p
mSC %
myp IC
nmy
m3
> t
LA
Is
is(0) . . 13 A is(T) +1:(T)
(0) — (0) ¥\ o> is(T)
i5(0) — is(0) 1y s
> t
2] DT 12} T
-k (D+d)T th+Hh

Figure 4. Primary- and secondary-coil currents for the period-1 orbit and a perturbed solution.

12 3.1. Assumptions

133 In the analysis, the following approximations are considered: i) for all elements and devices the
13s  internal resistances are zero. ii) the steady state output of the PI-controller (I) is constant and hence
135 its derivative is zero; however, as it can be seen in the procedure, the constant value is not needed to
136 compute the final expression. iii) the voltages V¢, and V, are constant and they can be computed as a
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17 function of the duty cycle D. V¢, is just the output of the boost part, V¢, is the output of the flyback
1s  part, taking into account the coupling factor is lower than k < 1.

1-1%) D
Ve, = P v ©)
2 (LMS _ 1) (1 _ D) m
1-M
1+ ELME};;D
Vout 1 _SD Vin-

130 and 7v) all currents can be expressed mathematically like straight lines, such that the slopes associated
1o to iy are my, mp and m3, and the slopes associated to i; are 111, i3 and 114 (see figure 4). These slopes
11 can be computed from equations (1), (2), (3) and (4), as follows:

LsViy + MVCZ
moo=
o —MVinn— LyVe,

Vin

LF’

o LS(‘/Z}’I - VC]) + MVCZ
ms = 1
A~ _ _M(‘/li’l - VC1) - LPVCZ
ms = 1
. Ve
hao= -t
S

12 In a similar way as the slope compensation in a boost power converter is designed considering
13 the stability of the period-1 orbit [26], in this paper we propose an analysis of the stability of the
1as  period-1 orbit using the information of the current slopes and the conditions that should be fulfilled to
s guarantee the stability of the controlled system. To analyze the stability of the period-1 orbit a small
16 perturbation is added at the beginning of the cycle and its corresponding value at the end of the period
1z T is computed. If the magnitude of the perturbation increases, then the period-1 orbit is unstable; on
e the contrary, if the magnitude of the perturbation decreases, then the orbit is stable.

1s0  3.2. Mathematical Procedure

151 Analysis of current in the primary coil

At the swiching time ¢t = DT a pair of equations are fulfilled: One of them to its left and the other
one to its rigth. Defining the slope of the compensation ramp as m,. = %, it can be seen that just at
the switching time the following equation is satisfied:

I —ms:DT = mqty +m2(DT—t1) (10)
Considering a perturbation in the initial condition, the last equation can be expressed as:

I — mee(D+d)T = my(ty — f1) +my((D+d)T — (t — £)) (11)
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Subtracting equation (11) from (10), we obtain:
msedT = myf; — mo(dT + ) (12)
From (12)
= (mse ) g (13)
(my —ms)
In a similar way, the analysis at the right of the switching time leads to the next equation.
Ic — mgDT — m3(t, — DT) =0 (14)
Taking into account the perturbation, this equation is given by:
I — mse(D +d)T — m3((t + B) — (D+d)T) =0 (15)
Subtracting (15) from (14)
msedT +m3(F, —dT) = 0 (16)
From (16),
fr = MJT (17)
ms3

152

153 Analysis of current in the secondary coil

Now, the expressions for the current is and its perturbation is(0) are computed. At t = t| they are:

is(0) — titt; =0 (18)
and
i5(0) — 15(0) — i1y (ty —F1) =0 (19)
Subtracting (19) from (18), it is obtained
i5(0) = 1k (20)
Replacing (13) in (20), we have:
v N (msc + mz) 2
i5(0) =m T 21
S( ) 1 (ml — mZ) ( )

From this equation dT can be expressed as:

ar — =) (22)
A (mngrmz)
M (my—my)
Now, at t = t; the following equation is fulfilled,
fiiz(ty — DT) — 1y (T — t2) = i5(T) (23)

At the same time t = f, the perturbed equation is:

ihi3((t + ) — (D+d)T) — 1ig(T — (tp + F2)) = is(T) +15(T) (24)
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Now, subtracting (23) from (24), we have:
is(T) = (113 + 1i1g)Fy — 1izdT (25)
Replacing (17) en (25), we obtain:
(T) = (m - mSCW) T (26)
3

Finally, replacing equation (22) in (26) we find an expression that relates the secondary coil current at
the beginning of the cycle, with its value at the end of it. This expression is given by:

where i)
(ﬁl4 - msc%)
= » (msc+m2)3 (28)
"M Gy =y

15« Stability condition

Then, the stability of the period-1 orbit is given by the absolute value of «. If |« > 1 the periodic
orbit is unstable, if |a| < 1 it is asymptotically stable, and |¢| = 1 corresponds to the limit of the
stability. To guarantee that the system operates in a period-1 orbit the slope of the compensation ramp
must satisfy the following expression:

A, TTZ3(T?Z4(H’11 — H’lz) — rﬂlmz)

Mse = — 29
T T diyms + (i3 + ving) (my — my) 29
15 4. Results
e 4.1. Numerical Results
157 The parameter values used for simulations and experiments are given in Table 2. The voltages

sV, and V¢, are computed from equation (8), the slopes of the straight lines are calculated using
10 equation (9), the output voltage Vout corresponds to the desired output voltage V. and |a| = 1. With
10 these data, the desired output voltage is varied and the limit value of the slope compensation g is
161 Obtained. Figure 5(a) shows the results obtained when the proposed approach is used (see (29)) and
12 Vier € (90, 130). Figure 5(b) presents the exact computation using the saltation matrix. Values of A,
13 grater than the stability limit guarantee stability of a period-1 orbit. In addition, for V,,r = 100V the
1e¢ limit value for the compensation ramp is close to A, = 1.94 and for V,,y = 120V is close to A, = 3.25
165 (see figure 5). Figure 6 shows the comparison between the analytical approach proposed in this paper
1es and the exact value obtained with the saltation matrix; the result is expressed in percentage of the error.
167 As it is shown, the lower the reference voltage, the higher error there is. In fact, for gain factors upper
1es  than six, the approach behaves better.

10 4.2, Experimental results

170 To validate the numerical results, an experimental lab prototype able to deliver 100 Watts to the
i1 load was designed and implemented as it is shown in figure 7. A complete design of the circuit is
122 shown in rigure 8. A ferrite core type E is used to design the coupled inductors and the number of
s turns were calculated with the approach proposed in [36]. The values of the different elements of the
174 circuit are given in Tables 2 and 3. The current in the primary coil is measured with a non-inductive
175 shunt-resistance ryy,,,; (LTO050FR0100FTE3) followed by an instrumentation amplifier ICy; the output
e voltage is measured through a voltage divider which consists of R, and Ry,. The signal from the voltage
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Table 2. Parameter values of the converter

l Parameters ‘
Vi 18V
Ly 129.2 uH
L 4849 uH
p 0.026802
"shunt 0.010

Ts 0.1307C)
k 0.995
Gy 220uF
Cy 220uF

R 20002
kp 2

k; 350

T 1/(20KHz)

4 4
3 3
< <
2 2
1 1
90 100 110 120 130 90 100 110 120 130
‘/rcf ‘/;ef
(a) (b)

Figure 5. Value of the slope compensation. (a) Approach proposed in this paper. (b) Exact value
obtained with the saltation matrix.

100

80

60

%error

40

20

0
90 100 110 120 130

‘/rcf

Figure 6. Percentage of error of the slope compensation.

1z divider feeds other amplifier IC;. The MOSFET is an IRFP260N which has low internal resistance.
17e  Finally, two ultra-fast diodes RHRP30120 (D and D) are used.

179 The controller is implemented using operational amplifiers (IC;). The compensation ramp and
1.0 the clock signals are generated using an LM555 (IC4). The amplitude of the compensation ramp
11 is adjusted with a span resistor Rspsn and Vg compensates the offset. The constants k, and k; are
12 associated to the PI controller, and they are obtained from Ry, R3, R4 and C3. The measured signals
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Figure 7. Experimental implementation

Table 3. Other parameter associated to the experiment.

Element Value | Electronic Reference
Device

R, IMQ ICy INA128p
Ry 20k0) ICy TL084
Ry 100k IC3 LM311
Ry 5.7k} ICy 555
R3 10kQ) ICs 74XX02
Ry 200kO) ICq IRF2110
R 2.2k} ICy 74XX08
Cs 0.1uF Qr 2N3906
Cy 10nF D 1N4148

13 were scaled to 0.196 using the voltage gains (Ag, and Ag,). The constant G is given by the voltage
1.« divider R,/ (Rs + Rp).

185 Four experiments to validate the results obtained in the previous section are carried out. All
1ss figures of the experimental results show the reference current I, the current in the primary coil i},
17 the current in the secondary coil is and the output voltage V;,:. Therefore, the output voltage and the
e current in the secondary coil are scaled by a factor of 10. The reference current and the current in the
10 primary coil are scaled by a factor of 0.196 as it was mentioned before.

100 For V,.y = 100V (the load resistance is fixed to R = 2000}, Table 2), two values of the slope
11 compensation are tuned: A, = 1.8 and A, = 2.2. When A, = 1.8 the limit set is a period-2 orbit as it
102 shows in figure 9, but if the ramp compensation increases to A, = 2.2, it changes to a period-1 orbit
103 (figure 10).
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Figure 8. Experimental Circuit.
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Figure 9. i) for V,,; = 100V and A, = 1.8.
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Figure 10. ip for V,,; = 100V and A, = 2.2.
108 In the second experiment V,,; = 120V. In a similar way, two values of the slope compensation

s are tuned: A, = 3 and A, = 3.4. The behavior of I, ip, is and Vo, are shown in figures 11 and 12. For
16 A, = 3 a high-period orbit appears, and for A, = 3.4 the period-1 orbit is stable. These results agree
17 with the information provided by equation (29), and this formula is adequate for tuning the slope of
s the compensation ramp.

100 5. Conclusions

200 This paper enhances the knowledge of the controller design for a boost-flyback converter which
201 is currently a field of study.
202 To obtain high gains with a stable period-1 orbit when a boost-flyback converter is used, it is

203 Necessary to add a compensation ramp in the design. In this paper, an analytical expression to compute
20a the value of the compensation ramp slope was found and mathematically proven. For gains greater
20 than six, the approach developed in this paper has an error lower than 5%.

206 In a general way, the results obtained from the equation derived from our computations agree
202 with the experiments, there is a small disagreement in comparison with the exact solution for gains
20 lower than six, mainly because some of the assumptions are to strong for the real system, which were
200 not included in the model for the sake of simplicity. This difference is neglectable for high step-up
20 gains, for which our approach provides the major benefit of having a formula to guarantee stability
au  avoiding over-compensation or very complex computations.

Tekstop | E - ]

E> . ; ;
O 100V [Ch2[ 200mAG M[40.0ps| A] Ch1 & 2.44V

ch3[ 1.00V chd[ 10.0V 3Jul 2017
i1+~ [-23.2000us 16:09:21

Figure 11. ij for V,,y = 120V and A, = 3
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0.1961,"

V.10

\
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1+~ [-23.20000s

Figure 12. ip for V,,; = 120V and A, = 3.4
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225 Appendix A

In this appendix, the procedure to find the ratio between input and output voltages for a flyback converter
when copuling factor k is different from zero is presented
np D
" 30
©=1-D (30)
226 The flyback converter operates in two topologies named state 1 and state 2, which are depicted in figure 13.
227 Voltage equations in primary and secodary coils are given in general form as:

dip, | dis

ULp = Lp E + ME
dis di

s —_ Ls E + MW .

oL (31)

228 Depending on the state, voltages and currents can be approximated as:
229 State 1

a)
%
|

2

~
=

(32)

230 State 2
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Figure 13. Flyback converter topologies.
M
ULPZ ~ — L—S VCZ
vy ® Vg
ico =~ i, —Ve,/R, (33)
such that the average values can be calculated as:
M
<ov, > = DVy—(1-D)} Vg, =0
S
M
<o, > = DL—Vin -(1-D)V, =0
p
<ic > = —DVCZ/R—F(l—D)(iLS _VCZ/R) =0. (34)
Taking into account k < 1, i.e. LMp #* %, we have
DViy (1~ D) 2Ve, = D Viy — (1~ D)V, 9)
L%~ 7L, 2
to finally find
E B (1 - LMp) D (36)
Vie ($2-1)(1-D)

Doing k = 1, it is easy to prove that this ratio is the same as the reported for a non magnetically coupled
flyback converter.
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