How to Design a Feedback Loop
Compensator for a Flyback

Converter in Four Steps
By Joan Mampel, Applications Engineer at MPS
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Introduction

Due to their versatility, ease of design, and low cost, flyback converters have become one of the most
widely used topologies in power electronics. Its structure derives from one of the three basic topologies
— specifically, buck-boost topology. However, unlike buck-boost converters, flyback topologies allow the
voltage output to be electrically isolated from the input power supply. This feature is vital for industrial and
consumer applications.

Among the different control methods used to stabilize power converters, the most widely used control
method is peak current mode, which continuously senses the primary current to provide important
protection for the power supply. Additionally, to obtain a higher design performance, it is common to
regulate the converter with the output that has the highest load using a technique called cross-regulation.

This article aims to show readers, engineers, and students how to correctly design the control loop that
stabilizes the flyback converter in order to provide optimal functionality. This process includes minimizing
the stationary error, increasing/decreasing the bandwidth as required, and increasing the phase/gain
margin as much as possible.

Closed-Loop Flyback Converter Block Diagram

Before making the necessary calculations for the controller to stabilize the peak current control mode
flyback, it is important to understand the components of the entire closed-loop system: the converter
averaged model and the control loop (see Figure 1).
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Figure 1: Closed-Loop System Block Diagram

The design engineer’'s main interest is to study the behavior of the converter under load changes.
Considering a fixed input voltage (Vin), the open-loop transfer function can be modeled under small
perturbations produced in the duty cycle to study the power supply’s dynamic response.
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The summarized open-loop system can be modeled with Equation (1):

_ _ GxGg(s) (1 )

VouTt(s)
Tua(s) = ~out®) -
vo(s) Up=0  Cci()*GaTs

Vel(s)

Where G is the current-sense gain transformed to voltage, G¢(s) and Ggi(s) are the transfer functions of
the flyback converter in terms of output voltage and magnetizing current response (respectively) under
small perturbations in the duty cycle, and GaTs is the modelling of the ramp compensation to avoid the
double-pole oscillation at half of the switching frequency.

Flyback Converter Control Design and Component Selection

There are many decisions and tradeoffs involved in designing the flyback converter’s control loop. The
following sections of the article will explain the design process step by step.

Figure 2 shows the design flow.

1. Determine Input Parameters

ViN_miNs VouTs lout, fsw, Dmaxs D, L, Cout/ Cesr. N, Rspunt

2. Calculate the Main Parameters of the Open-Loop Transfer
Function
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3. Frequency Compensator Design

fz1, Geo, fp3, fo NEW

4. Design the Compensator’s Passive Components
CFs RF! RD! CFB, R3’ R']’ RZ’ Y

Figure 2: Control Loop Design Flowchart

Control Loop Design Process and Calculations
Step 1: Design Inputs

Once the converter’'s main parameters have been designed according to the relevant specifications, it is
time to define the parameters as inputs for the control loop design. These parameters include the input
and output voltages (Vin and Vour, respectively), operation mode, switching frequency (fsw), duty cycle,
magnetizing inductance (Lw), turns ratio (Np:Ns), shunt resistor (Rsnunt), and output capacitance (Cour).
Table 1 shows a summary of the design inputs for the circuit discussed in this article.
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Table 1: Summary of Design Inputs

Design Input Value
Minimum input voltage (Vin_miN) 85Vac
Output voltage (Vour) 12v
Output current (lout) 3.33A
Operation mode CCM at Vin_miN
Switching frequency (fsw) 65kHz
Maximum duty cycle (Dwax) 46%
Secondary duty cycle (D’) 54%
Magnetizing inductance (Lw) 610pH
Output capacitance/ESR (Cout/Cesr) 950uF/15mQ
Turns ratio Ns:Np (n) 1/6
Shunt resistor (RsHunt) 0.4Q

To design a flyback converter compensator, it is necessary to first obtain all main components that make
the converter. For this article, MPS’s HF500-40 flyback regulator will be used to demonstrate that
designing a compensator using optocoupler feedback is not a complex process. This device is a fixed-
frequency, current-mode regulator with built-in slope compensation. Because the converter works in
continuous conduction mode (CCM) at low line input, a double-pole oscillation at half of the switching
frequency is produced; built-in slope compensation dampens this oscillation, making its effect almost null.

Step 2: Calculate the Parameters of the Open-Loop Transfer Function

It is vital to calculate the parameters of the open-loop transfer function and calculate the values for all of
the compensator’s parameters that can optimize the converter at the dynamic behavior level.

The open-loop transfer function of the peak current control flyback converter (also including the
compensation ramp factor) can be estimated with Equation (2):

2
' (1-@XS>X(1+COUTXRESRX8)
out(s) — 2xGxVNxD xR X D xR )
Vels) Ig=0 o° /
ViN=0 D xV2UTszxR+2anvINX (14D)
nexLy |

RxVoytXD XTsXCoyTt xs2+ VgUTxD XTs+2xnxCoyTXRXV|N XS+1 |

D XV TXTsXR D" XV TXTexR
\ CZ)UT S L 2xnxV x(14D) %anxvmx(ﬂm
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Where D’ is defined by the percentage of time that the secondary diode (or synchronous FET) is active
during a switching cycle.

The basic canonical model can be defined with Equation (3):

Vourt(s) _ <1 '%)XO +wi)
Vol®) 1g=0 " oo ((wii;g’fwosxcz*l:; ®

Note that the equivalent series resistance (ESR) effect on the output capacitors has been included in the
transfer function, as it is the most significant parasitic effect.

By using Equation (2) and Equation (3), it is possible to calculate the vital parameters.
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The resonant frequency (fo) can be calculated with Equation (4):

3
D xV TsxR
%+2XHXV|NX(1+D)
w, 1 nexL
fo= 22 =—x M, (4)
2m 2w RxVoytxD xTsxCout

After inputting the relevant values, fo can be calculated with Equation (5):

0.54)3x12x 2=
2( X253 +2x%x85xx/§x(1+0.46)
1

1) x610x108x 65x10°
fo = ——x (g) rronto®esn ——— =2.191kHz (5)
2m m’“ 2x(0. 54)x x950x10
The right-half-plane zero (fryp) can be estimated with Equation (6):
2 12
_ DXR  _ (0.54)%x522 _
frup = B = 21.46kHz (6)

21'rx( ) x610x10°%x0.46

The g-factor (Q) can be calculated with Equation (7):

3

D xVouxTsxR '
Q _ \/%‘V*‘ZXHXV”\‘X(‘I*'D)X RXVOUTXD XTSXCOUT

- (7)
VOUTXD XTS+2XHXCOUTXRXV|N
After inputting the relevant values, Q can be estimated with Equation (8):
3 12
wa%x%xﬁxm +0.46)x Ja 551 2x(0.54)x 3x950x1 0
(g) x610x10"Cx65x10° 5x10
Q= =0.034 (8)
12x(0.54)x +2x—x950x10 me85x\/_
The DC gain (K) can be calculated with Equatlon (9):
K= - 2xGxV|yxD xR where G = — (9)
SHUNT
D wouyrTsxR X\:‘g)l(JLT’;TSXR+2xnxV|Nx(1+D)

After inputting the relevant values, K can be estimated with Equation (10):
K = 2ig85r /20 5535 = 18.08 = 25.14dB (10)

(o 54)3x1 2% 2~
3.9 +2x6x85m/§x(1+0.46)
(5) x610x10 8x65x10%

The high-frequency zero (fur) can be calculated with Equation (11):

fur = ! = 1 = 16.75kHz (11)

2xmxCoytxResr  2mx950x10%x15x1073

It is important to note that with current mode control, it is common to obtain values well below 0.5 for Q.
With this in mind, the result of the second-degree polynomial in the denominator of the transfer function
ends up giving two real and negative poles. This is different from voltage-control mode or when there is
a very large compensation ramp, which results in two complex conjugate poles.

The two real and negative poles can be estimated with Equation (12):

for = Q X fy = 0.034x2191 = 74.5Hz and fpy = 2-% = 64.44kHz (12)
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The new open-loop transfer function can be calculated with Equation (13):

:/:/og  =Kx (1-wR:P)X<1+F) = 2514 x (1 2Trx21.:6x103>x<1+21'rx;6.75x103> (13)
CVg=0 (1+‘*’_p1>x<1+“’_p2) (1 2nx74.5)x(1 2nx64.44x103>
The cutoff frequency (fc) can be estimated with Equation (14):
fc =fpy x K=74.5x 18.08 = 1.35kHz (14)

The following sections will explain how the frequency compensator design achieves power supply stability
and excellent performance.

Step 3: Frequency Compensator Design

Once the open-loop transfer function is modelled, it is necessary to design the frequency compensator
such that it achieves the best performance possible. Because the frequency response of the above
transfer function has two separate poles (one at a low frequency and one at a high frequency), a simple
Type Il compensator can be designed. This compensator does not need an additional zero, which is not
the case in voltage-control mode because there is a double pole that produces a resonance.

To minimize the steady-state error, it is necessary to design an inverted-zero (or a pole at the origin)
because it produces higher gains at low frequencies. To ensure that the system’s stability is not impacted,
the frequency must be at least 10 times lower than the first pole, calculated with Equation (15):

f S Bty < B2 £y £ 7.45Hz (15)

Due to the ESR parasitic effect at high frequencies, it is necessary to design a high-frequency pole to
compensate for and remove this effect. The pole can be estimated with Equation (16):
fp3 = fHF d fp3 = 1675kHZ (16)

On the other hand, it is common to modify the cutoff frequency to achieve a higher or lower bandwidth
and produce faster or slower dynamic responses, respectively. Once the cutoff frequency is selected (in
this case, fc is increased up to 6.5kHz, or 10% of fsw), then the compensator’'s middle-frequency gain can
be calculated with Equation (17):

2

2
1+( Wz1 ) s 1+( 211x7.45 3)
fc_NEw x 1 X wenew/  6.5x10 1 21x6.5x10

GCOMP = o K o > = 745 me —— > =45=13.06dB (17)
\ 1+( ‘*;ps > 1+<2nx16.75x103)

Once the compensator has been designed within the frequency range, calculate the values of the passive
components.

Step 4: Design the Compensator’s Passive Components

The most common Type Il compensator used for stabilization in current control mode flyback converters
with cross-regulation is made up of an optocoupler feedback (see Figure 3).
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Figure 3: Type-ll Compensator Made Up with Optocoupler Feedback
The compensator transfer function based on optocoupler feedback can be estimated with Equation (18):

_ _& & “a+ RFXCFXS)
Goomp(s) = Rp xCTRx R1 X sx(R3x(CrgllCopTo)xs + 1) (18)

The middle-frequency gain is formed by two stages: the optocoupler gain and the adjustable voltage
reference compensator gain, calculated with Equation (19):

IGcowe Il = &2 x CTRx £ (19)

It is important to calculate the maximum resistance to correctly bias the optocoupler. This resistance can
be estimated with Equation (20):

V -VE-V, xR3xCTR
( OouT - VF DZ1,MIN) 3 MIN (20)

Rp <
D Vbp - VcE saT + CTRMINXR3xXIgias

The parameters necessary to calculate Rp can be found in the optocoupler and the adjustable voltage
reference datasheets. Table 2 shows the typical values for these parameters from the optocoupler.

Table 2: Main Optocoupler Parameters

Input Parameters Value
Forward voltage (Ve) 1v
Bias current (Isias) 1mA
Optocoupler minimum current transfer ratio (CTRwmin) 0.3
Optocoupler nominal current transfer ratio (CTR) 1
Collector-emitter saturation voltage (Vce_sart) 0.2v
Optocoupler output capacitance (Copto) 200pF

Table 3 shows the typical values for these parameters from the adjustable voltage reference.
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Table 3: Adjustable Voltage Reference Parameters

Input Parameters Value

Minimum reference voltage (Vbz1 miN) 2.495V

Feedback resistor (R1) 100kQ

Feedback resistor (R2) 26.3kQ
Maximum Vrs 3.9V

Once the above parameters have been obtained, Rp can be calculated with Equation (21):

R < (VOUT - VF - VDZ1,MIN)XR3XCTRMIN < (12 -1- 2.495)X12X103X0.3
D= Vpp - VGE saT + CTRMINXR3XIgias 3.9 - 0.2 + 0.3x12x10°x1x10™

< 4.2kQ (21)

Once the value of Rs is obtained (in this case, Rj3 is internal to the HF500-40 controller, with a minimum
value of 12kQ), as well as the values for R, Rz, and Rp (where Rp = 2kQ), then Re can be estimated with
Equation (22):

G 4.5 3
Rp= =M xRy = x 100 x 10” = 75kQ 22
F S—SXCTRNOM 1 122):(110033x ( )

Where Gceowp is the compensator’s middle frequency gain, calculated with Equation (17). Geowe is used
to adjust the power supply's bandwidth.

Because the inverted zero and high-frequency pole were already calculated, Ck and Cgg can be
calculated with Equation (23) and Equation (24), respectively:

fi=—"t s Cp=-—r = ! = 285nF (23)

2xTIXRgXCE 2xTIXREXF,4 2mx75x10°X7.45

1 1 1

Crp = -CopTo™ jmrm g3 -200x107% = 592pF (24)

fpa

= —_— _
2X'ITXR3X(C|:B||COPT0) 2X'ITXfp3XR3

Once the open-loop system and compensator have been designed, the loop gain transfer function can
be estimated with Equation (25):

GroTaL(s) = 38.2x<1 21'rx21.46x103)x(1+21‘rx16.75x103) X (1+ﬁ7.45) (25)

s s S
1+ x(1 + ) SX( "'1)
( 2ﬂx74-5) 211x64.44x10° 211x16.75x10°

Equation (25) is based on Equation (13) and Equation (18).
It is important to calculate the phase and gain margins to ensure the stability of the power supply.

The phase margin can be calculated with Equation (26):

y = 180°-tan™ (wcﬂ) -tan™ (i) +tan™ (wcﬂ) -tan™ (wcﬂ) -tan™ (w(c”ﬂ) -tan™ (%) (26)

WRHP We,NEW WHF wp1 P2

After inputting the relevant values, the phase margin can be calculated with Equation (27):

3 3 3 3 3
y = 180°-tan™ <ﬂ> -tan™ ( 745 )+tan'1 <M) -tan™ (%) -tan™ (M) -tan™ (ﬂ) =68° (27)

21.46x10° 6.5x10° 16.75x10° 66.44x10° 16.75x10°

If the phase margin exceeds 50°, it is an important parameter necessary to comply with certain standards.

At the same time, the gain margin can be approximated with Equation (28):
— o -1 1 (7.45 -1 1
y = 180°-tan ( 2 )-tan (T) +tan (L)-tan (i>-

21.46x10° 16.75x10° 745
tan” ( 5)-tan” (—=—) = 0"~ w = 37.84kHz (28)
66.44x10 16.75x10
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Equation (29) is derived from Equation (25) at the specified frequency:

TTX X 3 2 TIX X 3 2 2mnx7.5 2
. j1+ 2x37.84x10 X\/1+ 21Tx37.84x10 j1+( 25 3)
IGroraL(8) Il = 1020 x (2nx21.46x103>2 <2nx16.75x103>2 211x37.84x10 _
j ] +<2nx37.84x103> « ] ] +<21‘rx37.84x103> J ] +<2Trx37.84x103)
2mx74.5 21TX66.44x10° 21x16.75x10°
IGrotaL(8) I =0.282 — ||GroraL(S) llgs =-11dB (29)

In this scenario, the gain margin is below -10dB, which is another important parameter to consider,
particularly in regards to compliance with regulation specifications. If the result is close to 0dB, some
iteration is necessary to decrease the value; otherwise, the performance is suboptimal. This iteration
must start by decreasing the value of the cutoff frequency.

This complete transfer function provides stability to the power supply and the best performance as
possible by:

¢ Minimizing steady-state error.
e Minimizing the ESR parasitic effect.
e Increasing the bandwidth of the power supply up to 6.5kHz.

Final Design

After calculating all of the passive component values for the feedback loop compensator and determining
the converter’'s main parameters, the entire flyback can be designed using the HF500-40. Figure 4 shows
the circuit’s final design using all calculated parameters.
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Figure 4: Final Design Circuit Schematic

Figure 5 shows the bode plot of the complete loop gain frequency response.
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Peak Current-Controlled Flyback Converter - Loop Gain Bode Plot
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Figure 5: Bode Plot of the Complete Loop Gain Frequency Response

Conclusion

Obtaining the flyback averaged model via small-signal analysis is a complex process to most accurately
approximation of the converter’s transfer functions. In addition, the cross-regulation technique involves
secondary-side regulation through optocoupler feedback and an adjustable voltage reference, which
complicates calculations.

However, by following the four steps explained in this article, a good approximation can be obtained to
improve the power supply’s performance, as the output with the heaviest load is directly regulated. This
means that the output can react quickly to load changes. Thus, designing an optocoupler feedback
compensator using the HF500-40 is not a complex process. Explore MPS’s secondary-side regulation
solutions to optimize your flyback topology design.
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