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Design Guideline -
The Internal PI Compensator of an off-line Flyback Converter
for USB Power Delivery Applications

Abstract

In order to reduce the external components of an off-line flyback converter for USB Power Delivery applications, an
Internal Proportional and Integral Compensator (IPIC) is proposed and integrated into Richtek’s Secondary-Side
controller (SSC) to provide a regulated output with Constant Voltage (CV) and Constant Current (CC). With the
additional phase-boost circuit, the Type-Il compensator is resulted to stabilize the flyback converter. This application
note provides a comprehensive design guideline to determine specific coefficients of the IPIC and the phase-boost

circuit so as to optimize the transient response of a flyback converter for USB PD applications.
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Design Guideline - the Internal Pl Compensator of an off-line Flyback Rlc H T EK

Converter for USB PD Applications

1. Architecture of the Feedback Circuit of the Flyback Converter

Figure 1 shows the architecture of the flyback converter’'s feedback of the Primary-Side (PS) and the Secondary-
Side (SS) in the Richtek's USB PD Controller IC. Both output voltage, Vo, and output current, lo, of the converter are
sensed to the SSC. The internal output voltage feedback signal, Vb, is obtained from the voltage divider with a ratio
determined by Rr1/(RrF1+RF2). The feedback voltage, Vb, is then compared with the set reference voltage, VvreF,
and the voltage error signal, Vverr is obtained. Meanwhile the internal output current feedback signal, Vi, is obtained
from the current sensing resistor, Rcs, and fed to the Current Sense Amplifier (CSA). The current error signal, Vierr
is then obtained by comparing the Vifb with the set reference current, Virer.

Two diodes are used for the Error Selector to select the dominated control signal, i.e., the higher voltage from Vverr
or Vierr. The higher one is designated as the dominated error signal, Verr. If Vverr is selected, the Constant-Voltage

(CV) loop of the converter will be regulated. On the other hand, if Vierris dominated, the Constant-Current (CC) loop
will be regulated.

After the error signal, Verr, is compensated by the IPIC, the output of the IPIC, V¢, is buffered and sent out via the
OPTO pin to drive the external optocoupler’s opto-diode. Through an isolated optocoupler, the compensated signal
will be sent to the COMP pin on the Richtek Primary-Side (PS) Controller IC in order to adjust the PWM duty cycle
and control the output power of the primary switch.
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Figure 1. Architecture of the feedback circuit
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2. The Transfer Function of Internal PI Compensator, G¢(S)

Figure 2(a) shows the block diagram of a typical Pl compensator. The output signal, V¢, is processed by the

Proportional-Controller (P-Controller) and the Integral-Controller (I-Controller) from the error signal, verr. The PI
compensator can be implemented by an Operational Transconductance Amplifier (OTA) consisting of the

transconductance, gm, a resistor, Rc¢, and a capacitor, Cc, as shown in Figure 2(b). As depicted in Fig. 2(b) assuming
the OTA has the high output impedance, the transfer function of the IPIC is obtained as follows.

GC(S)=ﬁ=gmec+:fa=kp+§ 1)

where

ke= gm xR, (2)
and

e @

According to Egs. (2) and (3), one can adjust the control loop’s response by tuning the IPIC’s parameters, gm, Rc
and Ce.

(a). Signal block diagram of the Pl compensator

Ve a Verr

Re

T
(b). Circuit of the PI Compensator

Figure 2. Internal Pl Compensator

In some applications, it is more practical to design the IPIC’s parameters in the frequency domain, for that one can
rearrange Eqg. (1) as the following equation,

S
1 (s X RgCe+1) il
Go(®)=gm (R + o) = LD =p 2 (4)
where
A=T 6

;
Wy = 21 X fzc = E (6)

Eq. (4) shows the transfer function of IPIC, Gc¢(s), has a pole at zero frequency and a zero at fzc. Therefore, the
output phase of Ge(s) will be -90° at low frequency and turn to 0° when the input signal’s frequency is higher than

the IPIC’s fzc.
The gain of the IPIC can be further derived as the following equation.

e RN

F +
A ZC
C jomf

1Ge()| oy =
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If 1Hz sine wave is injected to the IPIC and fzc is larger than 10Hz, Eq. (7) can be approximated to the following
equation.

Ac _
As@ihz = |GC(S)||SZJ-2TT~E = ngTmCC (8)
If the input signal’s frequency is higher than fzc, Eq. (7) can be simplified to

A
AC@HF = |GC(S)||S>j2”10fzc~chzc =gm X RC (9)

With given gm, Rc and Cg, the fz, Ac@1Hz and Ac@Hr are known. Thus, the frequency response of the IPIC can be
determined by the Bode diagram as shown in Figure 3.

gain (dB)

Aow =32

AY:@HF =gm-R;

phase
(degree)

o

-450 .

-90° |

1 fJ10 f,e 104 frequency (Hz)

Figure 3. Typical frequency response of the IPIC

Take an example of the designed IPIC with gm = 20pA/V, Rc = 10kQ and Cc = 33nF. The correspondent fzc,

Ac@1Hz and Ac@HF can be calculated according to Egs. (6), (8) and (9), respectively.
1

f.= = 482.3Hz
% 21-10x10%33x10°°

A __20x107 =96.5=239.7dB
@z om33x10° '

Acgrr = 20x10°°-10x10° = 0.2 =-14.0dB

Figure 4 shows the calculated frequency response analysis results.
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Figure 4. Frequency response of the designed IPIC with gm = 20uA/V, Rc = 10kQ and C¢ = 33nF

According to Eq. (4) and above analysis, the behavior of the IPIC’s frequency response can be adjusted by the
coefficients, gm, Cc and Rc illustrated in Figure 5. Furthermore by using Egs. (8) and (9), the IPIC’s gain, Ac, can be
approximate by Ac@1Hz at low frequency and Ac@Hr at high frequency, respectively. The Ac@1Hz is proportional to

gm and the inverse of Cc, while the Ac@HF is proportional to gm and Rc. Hence, if gm is increased, both the gains
Ace1z and Acerr of the IPIC’s frequency response at low and high frequency are increased as illustrated in Figure

5(@). However, as Cc is increased, the IPIC’s gain at low frequency, Ac@1Hz, is decreased and the zero frequency,
fzc, is moved to the lower frequency as illustrated in Figure 5(b). If Rc is increased, fzc, is moved to the lower frequency
while Ac@HF is increased.

gain (dB)
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Figure 5. Behavior of the frequency response IPIC according to the change of (a) gm, (b) Cc and (c) Rc

3. The Transfer Function from OPTO to COMP, GoprT0(S)

As shown in Figure 1, once the IPIC’s transfer function and the frequency response are defined, the feedback circuit
transfer function from the node OPTO at the secondary side of the transformer to the node COMP at the primary side
of the transformer can be analyzed, where the OPTO and COMP nodes are isolated by the optocoupler. Figure 6
shows the small-signal model of the signal path from OPTO to COMP, which consists an optocoupler, the
optocoupler’s current-clamping impedance, Zopto, and the optocoupler’s output low-pass filter formed by Rcomp

and Ccomp. Note that the Rcomp is a built-in component in the PS Controller IC, while the Ccowmp is the combination
of the external capacitor and the parasitic capacitor of the optocoupler. The optocoupler can therefore be modeled
as the Current-Control Current Source (CCCS) with the gain specified as the Current-Transfer Ratio (CTR). With that
the transfer function of the voltage from the node OPTO to the node COMP is derived as Eq. (10).

— Vcowmp(s) _ Rcomp 1 — 1
G (s) = === =CTR x X =A ——— (10)
OPTO vopTO(S) Zopto  SRcompCcompt1 OPTO s/wpopTO*+1

where
;

— (11
RcompCcomp (11)

WpopTo = 2T X fropTo =

AOPTO =CTR x Reowp (12)
ZopPTO

From Eq. 10, GoprT0(S) is a low-pass filter whose pole is located at Wpgptq if ZoPTO is a resistor. The DC gain of

GopTo(s) can be adjusted by the ratio of Rcomp and ZopTo.
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Figure 6. Small-signal model of the optocoupler
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Figure 7. Typical frequency response of GopTo(s) without the phase-boost circuit

Figure 7 illustrates typical frequency response of Gorro(s), for example if the parameters are chosen for a Zopto =
RopTo = 200Q, CTR = 0.5, Rcomp = 20kQ and Ccomp = 10nF, the frequency response is illustrated in Figure 8.

. ! : fpopTo=7958HZ .
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magnitude (dB)
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Figure 8. Frequency response of Gopto(s) with Ropto = 200Q, CTR = 0.5, RCOMP = 20kQ and Ccomp = 10nF
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The pole in this example is at 789.8Hz, which is within the loop’s bandwidth. When Wpgptq is too low and the
bandwidth of the loop response will be limited by this pole. As illustrated in Figure 9 the current-clamping impedance,
ZopPTO, can be further configured as the so-called phase-boost circuit with the additional RpsopTo and CpgopTo IN
parallel with Ropto. The admittance of Gorro(s) can be derived as the following equation which has a zero, Wzpgopto-

at the low frequency and a pole, WppgopTo. at the high frequency.

1 _ lopTo(8) _ 1
Zopro(8)  Vopro(s) 1
OPTO OPTO Ropro !l {Resopro + ge-——
PBOPTO
= 1 sRopro *Ropto1)CoPTOt*1 _ _ 1 */wzpeopTo*! (13)
Ropto sRpgoPTOCPBOPTO*1 Ropto S/wppBopTo+1
1
WppsoPTO = 2TT X fopgopTO = RrBoPTOCPBOPTO (14)
1
WzpgopTO = 2T X f1pR0PTO = (15)

(RopTo*RpBOPTOICPBOPTO

I |

Zorto

r—-

N
| optocoupler
|

Figure 9. Phase-boost circuit of ZopTo

From Eq. (14) and (15), Wzpgopto has lower frequency than Wppgopto due to the additional Ropto at the

denominator. Since the phase of GopTo(s) will be increased at wppsopPTO, and then decreased at wppBoPTO, the

phase can be boosted is between the frequency, wppBopPTO to wppBOPTO. The transfer function GopTo(s) can be
expressed as Eq. (18) when in terms of the phase-boost circuit.

S
1 Jw +1
G g) = Yeomp(®) _ A x « LWzPBOPTO 16
opTo(S) vopTo(s) L OPTO X & T S pmopro™ (16)
where
RCOMP
AOPTO =CTRx =—/——
ROPTO

Note that one can use Wzppopto t0 cancel Wpgptg and leave the Wppgopto to determine the -3dB frequency of

GopTo(s). Rearange Eqg. (14) to get CpeopTo for a given Wppgoptos

1
WpPBOPTO X RpBOPTO

17

CpgopT0 =

ANO060 © 2019 Richtek Technology Corporation 8



RI c H T EK Design Guideline - the Internal Pl Compensator of an off-line Flyback
Converter for USB PD Applications

Let Wpopto = WppeopTo:

1
WpOPTO

= (ROPTO+RPBOPTO)CPBOPTO (18)

After substitution,

1 1 R 1
= (Ropto * RpgopTo) = ( OFTO +1) (19)

WpOPTO wppBOPTO X RPBOPTO RpsorTO WpPBOPTO

Rearrange

R
Resopto = wppBoo—PpTToo_1 (20)
YWpOPTO
From above equations, the original pole of GopTo(s), WpppTo. iS cancelled by the designed Wzpgopto @nd moved

to the desired pole, Wppgopto- Thus, the bandwidth limited by the original pole of GopTo(S) can be extended by the

adjustment of the phase-boost circuits’ RrsopT0 and CpsopTo according to the ratio of the desired and the original
pole frequency from Eg. (20).

As illustrated in the example of Figure 8, the pole, fpopto, 0f GopTO(S) Without the phase-boost circuit is located at
795.8Hz, which is too low and will affect the response of the flyback converter. Therefore, we need to add the phase-

boost circuit to shift fpopto to a 10 times frequency :

WpppopTo = 10 X WpopTo
According to Eq. (20),

Ropro _ 200Q

ROPTO1 = wppBopTo-1 - 10-1 =22.20
WporTO
And Eq. (17),
1 1

CoPTo1 = G aorro X Ropror 21X 10 x 795.8Hz x 22.20 ~ 200"

After obtaining RpeopTo and CpeopTo, the phase-boost circuit’s pole and zero from Eq. (14) and (15) are obtained
as following frequencies,

1 1
foPBOPTO = S ResorroCraomro | 217 X 22.200 X 900NF

=7.96KHz

1 1
fzpaopTo = 21 X (Rpgopto * Rpeopro)CreopTo - 2mx (200Q +22.2Q) x 900nF

=795.8Hz

To be noted, fzpeopTO is 795.8Hz, which is the same as fpopTo. Thus, the original pole is cancelled by the phase-
boost circuit. The designed phase-boost circuit’s frequency response is illustrated in Figure 10.
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Figure 10. Frequency response of the phase-boost circuit

The following example shows the resulted phase-boost Gopto(s). As shown in Figure 11, in comparison with
GoprTo(S) without phase-boost, the pole is shifted as expected to 10 times original frequency from around 800Hz to

around 8KHz
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Figure 11. Frequency response of the phase-boost Gopto(s) compensated with Rpeopto = 22.2Q and CpeopTo =
200nF compared to the original one with Ropto = 200Q, CTR = 0.5, Rcomp = 20KQ and Ccomp = 10nF
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4. The Transfer Function of Feedback Circuit, Gev(s) and Gee(s)

The small sighal model of the feedback circuit as shown in Figure 12 depends on either CV or CC feedback loop
illustrated by Figure 12(a) and (b), respectively. The buffer gain from the output of IPIC to the OPTO node is simplified
as 1.

COMP OPTO Ve Vverr s
L Gorole) kLF—<— G Al Aw k—LIVo

Richtek PS Richtek SS CV feedback path
Controller IC Controller IC

COMP OPTO Vc Vierr Vifb
&1 Goprrols) K1 ]—@— Ge(s) A Aifp {11,

Richtek PS Richtek SS CC feedback path
Controller IC Controller IC

(b)

Figure 12. Small signal transfer function of feedback circuit with (a) CV feedback path, and (b) CC feedback path

The transfer function for CV and CC feedback path are defined as follows.
Gev(s) = AlAnGopro(8)Ge(s)  (21)

Gee(8) = AARGopro(8)Ge(s)  (22)
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Assuming the IPIC uses the same coefficients for both the CV and CC feedback path except different gains, once
the CV feedback path is designed, the CC feedback path will share the same pole and zero position. By adjusting
the CC feedback path’s gain to be less than CV's, the bandwidth of the CC loop will be less than that of the CV loop.
Thus, one shall firstly focus on defining the CV feedback path transfer function.

Expand Eg. (21).

S

+1

1 wzem
Pomp 22— (23)

S
1 Jw +
Gev(s) = AAmAopTo X T —

S S
JwpopTto™ ! /wepsoPTO

If the optocoupler’s pole is cancelled by the phase-boost circuit, Eq. (23) could be further simplified to the following
equation.

S + S

+1
Gev(8) =AAAopToA 1 wzemp  _ Acy X 1 wzemp (24)

cmp s s
[wopgopTO*! S /wppgopTO*! S

The transfer function, Eq. (24), reduces to one zero and two poles, so-called Type-Il compensator. Figure 13 shows
the typical frequency response of the compensated CV feedback path. The designer can determine the frequency

respone by well programming the IPIC’s gm, R¢, and Cc and the phase-boost circuits RrsopTo and CpeopTo.

gain (dB)

i 1

pPHOPTO =
27 - Ropro1Copror

phase
(degree)

0

-450 -

-900°

Figure 13. Frequency response of the CV feedback path

A typical peak-current mode flyback converter’s power stage has a pole which is determined by its output capacitance
and the loading resistance. The zero of the IPIC, Wzcmp, is programmed to compensate the pole of the flyback

converter's power stage. The pole of the phase-boost circuit, Wppgopto. IS typically designed at 1 to 10KHz

depending on the converter’s bandwidth. The middle gain, Acv, can be designed to have enough phase-margin.

By using parameters as in previous examples, the IPIC’s parameters are gm = 20pA/V, Rc = 10kQ and Cc = 33nF
and the optocoupler is biased with Ropto = 200Q which results in CTR = 0.5. The COMP node has Rcomp = 20kQ
and Ccowmp = 10nF. The pole created by Rcomp and Ccowmp is cancelled via the zero designed by the phase-boost
circuit, RpeopT0 = 22.2Q and CpoprT0 = 900NnF.
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The green line in Figure 14 shows the frequency response of Gev(s) with the phase-boost circuit. The zero is
determined by the IPIC while the 2nd pole is determined by the phase-boost circuit. The cut-off frequency at 0dB of
the phase-boost Gey(s) in comparison with the one without phase-boost circuit, is extended.

80 T

@
E— :ﬁ ) ) . "fb‘pg‘épfb:TQSSHZ
g o  fcowp=482Hz"
o H d
8 201 = Geols) S extendl——

—40}| = phase-boost Gyfs) |- bandwidth -

—60 n z ;

10° 10’ 10° 10° 10* 10° 10°

phase (degree)

frequency (Hz)

Figure 14. Frequency response of the compensated CV feedback path without (blue line) and with (green line) the
phase-boost circuit

5. Conclusion

The Richtek IPIC is demonstrated with the phase-boost circuit providing a Type-Il compensator so as to stabilize a
flyback converter. It is guided by the transfer equations, gain, zero and pole of the Type-Il compensator can be free
determined by the designer to optimize the transient response of different flyback converters under different operating
conditions.
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