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VOLTAGE-MODE VS. CURRENT-MODE CONTROL.

» Both Voltage-mode and Current-mode control are used for Switched Mode Power Supplies

» Actual choice will depend on topology and applications
» Yet, Current-mode is extremely popular and extensively used
Voltage-mode control
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Figure 1 Voltage mode control principles

Current-mode control

REFERENCE
ERROA™, Y*
AMP.
Veur
LATCH

|

gyl
wper [ LTL

OUTPUT

E]

Figure 2 Current mode control principles
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Source: UNITRODE Design Note DN-62: "Switching Power Supply Topology Voltage Mode vs. Current Mode”
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VOLTAGE-MODE CONTROL

Voltage-mode control characteristics
» Single voltage feedback

» PWM generated by comparing voltage error with constant ramp waveform

» Current limiting must be done separately

Advantages
» Asingle feedback loop is easier to design and analyze

» Alarge-amplitude ramp waveform provides good noise margin
for a stable modulation

» Alow-impedance power output provides better
cross-regulation for multiple output supplies process.

Disadvantages

» Any change in line or load must first be sensed as an output
change and then corrected by the feedback loop. This usually
means slow response.

» The output filter adds two poles to the control loop requiring
either a dominant-pole low frequency roll-off at the error
amplifier or an added zero in the compensation.

» Compensation is further complicated by the fact that the loop
gain varies with input voltage.
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CURRENT-MODE CONTROL.

Current-mode control characteristics
» Current measurement is part of the feedback loop
» Control uses the oscillator only as a fixed-frequency clock

» Ramp waveform is replaced with a signal derived from output inductor current

» Current-mode control

Advantages
» Since inductor current rises with a slope determined by
Vin — Vo, this waveform will respond immediately to line voltage
changes, eliminating both the delayed response and gain
variation with changes in input voltage. REFERENCE

v

ERROA™, ¥
Since the Error Amplifier is now used to command an output Vour w

current rather than voltage, the effect of the output inductor is
minimized and the filter now offers only a single pole to the
feedback loop (at least in the normal region of interest). This
allows both simpler compensation and a higher gain bandwidth
over a comparable voltage-mode circuit.

v

Additional benefits with current-mode circuits include inherent Ve

pulse-by-pulse current limiting by merely clamping the ﬁ ‘ i
Vs

command from the Error Amplifier, and the ease of providing
load sharing when multiple power units are paralleled. LATOH J L I_, L

QUTPUT

Figure 4 Current mode control principles
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CURRENT-MODE CONTROL..

Current-mode control characteristics
» Current measurement is part of the feedback loop
» Control uses the oscillator only as a fixed-frequency clock
» Ramp waveform is replaced with a signal derived from output inductor current

Disadvantages Current-mode control

v

There are now two feedback loops, making circuit analysis more

difficult.

The control loop becomes unstable at duty cycles above 50%
unless slope compensation is added. REFERENCE

ERROA™, ¥
Since the control modulation is based on a signal derived from Vour w

output current, resonances in the power stage can insert noise
into the control loop.

v

v

v

A particularly troublesome noise source is the leading edge
current spike typically caused by transformer winding

capacitance and output rectifier recovery current. cLook | ] | = =
» With the control loop forcing a current drive, load regulation is Ve
worse and coupled inductors are required to get acceptable
Vs

cross-regulation with multiple outputs.
- R
Figure 5 Current mode control principles
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VOLTAGE-MODE VS. CURRENT-MODE CONTROL..

v

Both Voltage-mode and Current-mode control are used for Switched Mode Power Supplies

v

Actual choice will depend on topology and applications

v

Yet, Current-mode is extremely popular and extensively used

Voltage-mode control (when to use) Current-mode control (when to use)

v

There are wide input line and/or output load variations possible. ~ » The power supply output is to be a current source or very high
output voltage.

v

Particularly with low line - light load conditions where the current
ramp slope is too shallow for stable PWM operation.

v

The fastest dynamic response is needed with a given switching

» High power and/or noisy applications where noise on the frequency.

current waveform would be difficult to control. » The application is for a DC/DC converter where the input
voltage variation is relatively constrained.

v

Multiple output voltages are needed with relatively good
cross-regulation.

v

Modular applications where parallel operation with load sharing
is required.

v

Saturable reactor controllers are to be used as auxiliary
secondary-side regulators.

v

In push-pull circuits where transformer flux balancing is
important.

v

Applications where the complexities of dual feedback loops
and/or slope compensation is to be avoided.

v

In low-cost applications requiring the absolute fewest
components.

Source: UNITRODE Design Note DN-62: "Switching Power Supply Topology Voltage Mode vs. Current Mode”
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SLOPE COMPENSATION.

Slope compensation can mitigate several shortcomings of current-mode control
» Open loop instability above 50% duty cycle (D).
» Lessthanideal loop response caused by peak instead of average inductor current sensing.
» Tendency towards subharmonic oscillation.

» Noise sensitivity, particularly when inductor ripple current is small.
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Figure 6 A Current mode controlled Buck regulator with slope compensation

SLOPE
COMPENSATION l

Source: UNITRODE Application Note U-97: "Modelling, analysis and compensation of the current-mode converter”
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SLOPE COMPENSATION..

Relevant variables:
» [y, -inductor current waveform
» V. -error voltage at output of voltage error amplifier
» mq, msy -ascending and descending inductor current slopes, respectively

» AT -inductor current perturbation (e.g. measurement error)

A) Operation with D < 0.5
» Initial pertubation will decrease with time (cycle by cycle) - stable mode
» Aly > Al > Aly > ...-OK

B) Operation with D > 0.5
» Initial pertubation will increase with time (cycle by cycle) - unstable mode
> AIO < All < A]Q < ...-Not OK

C) Slope compensation
» Adding linear slope —m counteracts the problem
» Compensating slope can be added to current waveform or

» Compensating slope can be subtracted from the error voltage
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Figure7 Openloop instability ina converter with current mode
control
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SLOPE COMPENSATION...

Slope compensation
» Adding linear slope —m counteracts the problem
» Compensating slope can be added to current waveform or
» Compensating slope can be subtracted from the error voltage

Without slope compensation:
Al = —AIU%

After addition of linear slope —m

mo +m

Al =-Alom+m

Normally, slope compensation (Buck converter) needs to satisfy:
m > — lm
2 2

For the Buck converter:

> up-slope: mq = 7%”2/"“'5 R,

» down-slope: mo = V"L“t R

» R, -models the total current sense gain (Shunt + INA200)
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Figure 8 Openloopinstability inaconverter with currentmode
control
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COMPENSATION NETWORK

Closed loop system design

EE-365 Power Electronics Laboratory



PWM IC - UCC28C44

The closed-loop feedback control of Vi = 85 VAC,

the output voltage is here achieved with e i,

"o
a Type Il compensation network, built c. i S ‘E:z:v
upon: 1o
» aTL431shunt amplifier, with the aim s ,.F:S:?SH
to measure and process the output ]
voltage 3 Ream - Ceass (1] cowe
» a Vishay VOB17A-3X016 .
optocoupler, with the aim to provide ) 15.4k0)
the desired insulation between the £
primary and secondary side circuits ~ Teu. ooops > e
of the Flyback converter 2
Raus
> the pins FB.and COMP of the A0 } o le,
UCC28C44 integrated circuit, with -

< 6,530

the aim to compute the control
action

cour:  Cooues
t B8.7k0 0.01pF

TL431

o
n.
®
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Figure 9  Flyback Scheme from the UCC28C44 Application Note.

Source: Refer to the circuit scheme shown in UCCx8C4x BICMOS Low-Power Current-Mode PWM Controllerpdf (Figure 310of the application note)
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https://www.ti.com/lit/ds/symlink/tl431.pdf
https://www.vishay.com/docs/83430/vo617a.pdf
https://www.ti.com/lit/ds/symlink/ucc28c44.pdf
https://www.ti.com/lit/ds/symlink/ucc28c44.pdf

SYSTEM OVERVIEW

For the design of the feedback compensation net-

work, the Flyback converter can be modeled as a con- Input  Output

trollable dynamic system. Current-Controlled Voltage Power
» The voltage Voo s p (applied between the Flyback Converter l I
COMP and GND pins of the UCC28C44 IC) is the .
control input signal. Output COMP peak Switch.
, , Voltage Signal | Flyback
» The Flyback voltage U, is the output signal of Voltage g 3 current (=Y A\ >
the dynamic system. Controller Controller Converter
» This equivalent dynamic model intrinsically
considers both the converter power operation and 1 T Primary Current I
the Peak-Current Mode Control of the Output
uCC28C44. Vo|tage
» Allthe other operating conditions (e.g., output
power, input voltage) are treated as internal Figure 10  Simplified block diagram of the controlled Flyback converter.

parameters of the dynamical system.

Since the system is inherently non-linear, the design process has to consider:

> alarge-signal analysis, to identify the desired steady-state equilibrium point and verify that it is compatible with the operating ranges
of the circuit components, and

» asmall-signal analysis, to guarantee that the controlled system is stable and robust around the desired operating point.

Both aspects are dependent on the operating conditions (e.g., input voltage, output power), and influence one another.

EPFL ==
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CONTROL-TO-OUTPUT CHARACTERISTICS

In the steady-state conditions:

v

the voltage V., is equal to the peak voltage at the CS pin,

RT/CT Osc
which is the sum of the measured peak primary current
Ros - ipeak-
|| .
B > » Therefore:
Voltage — .
Dmg Verr = Res - lpeak
P
comP (1.15V) Comparator
’ » where, as already computed in R1, the duty-cycle is:
cs
Measured Current: R_CS*i
Uout

Figure 11  Internal scheme of the comparator of the UCC28C44. Uout + (NS /NP) Uin

L . » and the peak primary current is:
» The voltage at the COMP pin is first subject to a 115 V drop

Pout + Uzn -D

» ..and then to a R/2R voltage divider (withagain Acs = 3) i _
peak_Uin'D 2'Lm‘fsw

» By considering V,.,- the voltage at the input of the comparator,
we have:

v

It is sufficient to evaluate these expressions in multiple operating
Voomp = Acs * Vepr +115V conditions of the converter to compute the ideal value of the
voltage Voo v p-

E P F L EE-365 Power Electronics Laboratory



CONTROL-TO-OUTPUT TRANSFER FUNCTION.

For a given steady-state operating point, the small-signal control-to-output transfer function can be identified in a way to link small
perturbations of Voo as p to small perturbations of Ug 7. The small-signal control-to-output transfer function is:

b st o]
H(S) — G() X WESR,z WRHP,z
(1+L)-(1+#+%>
wP1 QPwP2  why

With the help of the application note UCCx8C4x BICMOS Low-Power Current-Mode PWM Controller.pdf (Section 9.2.2.10) compute, for the
converter nominal operating point, the following quantities:

» the static gain Go;

> the frequency fp1 = wp1 /27 of the dominant pole;

> the frequency fpo = wpa /27 of the switching-related pole;

v

the frequency fESR’Z = WESR,z /27 of the output capacitor related zero;

v

the frequency fRprz = WRHP,> /27 of the right half-plane zero;

v

the quality coefficient Q p of the slope-compensation.

E P F L EE-365 Power Electronics Laboratory


https://www.ti.com/lit/ds/symlink/ucc28c44.pdf

CONTROL-TO-OUTPUT TRANSFER FUNCTION..

All these expressions can be found from the UCC28C44 application note.
» The expression of the static gain is:

G = Rivad . 1
Acs - Ros (Ns/Np) (D2;;/(2 7)) (1+2-Se/Sp)+2- M +1
» with the following parameters: » Thefrequency fps R, = Of the output capacitor related zero is:
2
Rioad = Uout/Poutr 1 1
Dogy=1-D, fESR,: = 5= Fap
) 2w E .

M = Uaut/[(Np/NS)Q- Ui, and m ESR-Cout

7L = [Lm - (Ns/Np) V[ Rioad  Tsw ) » Thefrequency frp p, . of the right half-plane zero is also
» The frequency fp1 of the dominant pole is depending on the depending on the operating conditions of the converter:

operazing conditions of the converter: 5
; Frmp = b Dotf Rioad

\Z
(Deli).(1+2-5<)+14+D 2T DLy, (Ns/Np)?

27L n

1
fr1=5-"
27 Rioad - Cout > The quality factor @, of the slope compensation (already
computed before) is:

v

The frequency f po of the switching-related pole is half of the
switching frequency: 1
fséw QP’W-[MC-(1—D)—1/2]

fp2=
> with M, = S./S,, + 1.

Please note that previous expressions were derived considering slope compensation. Without it being used: S¢ = 0

E P F L EE-365 Power Electronics Laboratory



CONTROL-TO-OUTPUT TRANSFER FUNCTION...

We have provided Matlab files resulting in Bode Diagrams and many useful information for different operating points.

Control-to-Output Transfer Function - Parameter Sweep

CONTROL TO OUTPUT TRANSFER FUNCTION EVALUATION

o

Input Voltage: V_in = 50 V

Output Voltage: V_out = 24 V

Output Power: P_out = 50 W

Duty Cycle: D = 32.4324 %

Required Voltage at the COMP pin: V_COMP = 2.1966 V

Small Signal DC Gain: G_0 = 18.3602

Magnitude (dB)
&
2

g

-150
180

8

Left Half-Plane Zero Frequency: f 21 = 23843437.1673 Hz
Right Half-Plane Zero Frequency: f 272 = 64522.2742 Hz

Phase (deg)
o

First-Order Pole Frequency: f_ P1 = 4387.3293 Hz -90
Second-Order Pole Frequency: f P2 = 250000 Hz
_____________________ -180
. 10! 10
Second-Order Pole Quality Factor: Q p = 1.8119 Frequency (Hz)
Figure 12 Console results obtained in Matlab (Program 1) - Example Figure 13  Bode Diagram obtained in MATLAB (Program 1) - Example

Power Electronics Laboratory | 17 0

EPFL ==



=

L EE-365

TYPE 2 COMPENSATION

Zero-Pole pair with or without extra elements
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TYPE 2 COMPENSATOR

To control the converter, a Type Il compensation network is used. The transfer function of an ideal Type Il compensation network is:

v

This transfer function must be designed to achieve a desired bandwidth frequency f gy and to guarantee the controller robustness.

v

The integral action guarantees a zero steady-state error, while a zero and a pole can be placed at the frequencies f-=1/277, and
fp = 1/2mT, to compensate for the dynamical behavior of H (s).

v

In general, the higher the bandwidth, the faster is the system to respond to input changes and to react to disturbances. However, too
high bandwidth may weaken the closed loop control robustness and lead to instability.

v

Considering the Control-to-Output transfer function H (s), select:
> the desired bandwidth frequency f 5w ;
> the frequency f, of the transfer function zero;
> the frequency fp of the transfer function pole;
» the controller gain K p to achieve the desired bandwidth.

v

The Type Il controller is a Proportional-Integral with an additional high-frequency pole. The design is given in the hint.

v

The bandwidth f 1y should be chosen to be low enough with respect to the frequency fr 1 p, . of the right-half plane zero of the
control-to-output transfer function. Generally speaking, lower values can improve the stability of the system, but may weaken the
dynamic performances during transients. A safe choice is to set f g1 to be from 10 to 20 times lower than fr i p, .-

v

The frequency f, of the transfer function zero should be low enough with respect to the bandwidth frequency f gy . A good choice is
toset f, to be from 5 to 15 times lower than fgyy .

v

The frequency f), of the transfer function pole should be high enough with respect to the bandwidth frequency f g, and it should be
close to the lowest frequency between frp . and fEsR, --

E P F L EE-365 Power Electronics Laboratory



TYPE 2 COMPENSATOR IMPLEMENTATION

We need to derive small-signal transfer function of the Type Il compensation network
The overall control circuit:

V_OuT

UCC28C44 Internal Circuit Input Side VREH RLED
Regulation
2.5V
R_FBU
Error N
Amplifier R FBG )j:g? R COMPz C_COMPz
o1 ot a — 1l
(- 1+
P OPTO
.
R_COMPP c_compp R_OPTO
1
TL431
cone < R_FBB
GND e GND_OUT

Figure 14 Scheme of the Compensation Network.

In the sense of small-signal modeling:
» we want to observe how small perturbations of U,,,,; generate small perturbations of the Voo ps p signal.
» itis possible to neglect all the other constant sources (e.g. internal voltage reference, etc), and simplify the diagram (next slide).
» The TL431behaviour can be modeled as a simple operational amplifier
» The optocoupler behaviour can be modeled as a controlled current source, and the voltage drop on the LED can be neglected.
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TYPE 2 COMPENSATOR - DERIVING THE MODEL

The equivalent small-signal simplified model is represented below.

V_OouT
R_LED
GND
VAN
Error R_FBU
Amplifier
v_comp Q—*<!_“>GND R_FBG e @ W LD ¢ covp, c_cowpz
- | | 1
N —J Optocoupler 7 1+
Small-Signal
Model
.
R_COMPp C_COMPp R_OPTO
R_FBB
TL431
GND Small-Signal

Model

GND_OUT

Figure 15 Simplified Small-Signal scheme of the Compensation Network.

We still have three parts to analyse:
» Internal PWM IC part
» Input side regulation

» Output side regulation

E P F L EE-365 Power Electronics Laboratory



OP AMP - SHORT NOTE

Considering a generic Operational Amplifier in an Inverting configuration, it is possible to use description referring to just two impedancesin
the Laplace domain:

> the "Parallel’impedance Z,,, connected between the output
and the inverting input,

» the "Series” impedance Z ;, connected between the input
voltage source and the inverting input.

v

In this case, it is easy to demonstrate that the output voltage, with Zp
respect to the ground, is:

Zp
Vout = =Vin - Z ZS

v

This approach can be applied to the different schemes of the V out
simplified small-signal circuit by replacing the source V;,, and vV in -
R with the equivalent Thevenin circuit. -

Recall some basics on OP-AMPS O p_ A lTp

» No current flows into the OP-AMP input terminals —— —

» The differential input voltage is zero as V+ = V- = 0 (virtual
ground) Figure 16  Op-Amp in Inverting configuration.
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INPUT SIDE REGULATION CIRCUIT.

Input-side regulation block

>

>

>

v

the OP-AMP is the internal Error Amplifier of the UCC28C44 circuit
the output voltage is Voo p.
the impedance Z, is the parallelimpedance givenby Rco s pp and Cocon pp:

1
RooMPy ' secompy Rcompp

" 1+sRcompp Cocompp

P~ 1
RCOMPP + sCcomPp

the impedance Z is the equivalent impedance seen from the FB pin (i.e, the inverting input of the error amplifier) when no current
I ¢ circulates in the Optocoupler output:

Zs = Rppc + Ropro
the input source V;,, is the open-circuit voltage seen from the FB pin (i.e,, the inverting input of the error amplifier) when only I g is
active:
Vin =1cE - Ropro
By combining this formulas, we have:

Veomp =—IcE- florro ‘Rcompp- L
Rrpa + Ropro P 1+sRcompp Ccompp

L EE-365 Power Electronics Laboratory



INPUT SIDE REGULATION CIRCUIT..

Previous derivations are graphically illustrated in the following figure.

GN

D

GND

Figure 17  Equivalent model of the Input-Side regulation circuit.
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R_FBG —{> v _come
— T -
R_OPTO C_coMPp R_COMPp
1
GND
Parallel
Thevenin Impedance
Equivalent Connection
Circuit
GND +
R_FEG+R_OPTO <]-—{>_[> v_comp
@ -
1_CE*R_OPTO
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OUTPUT SIDE REGULATION CIRCUIT.

Output-side regulation block
The same procedure can be done to find the AK voltage of the TL431. In this case:

v

v

v

v

v

v

the OP-AMP is the TL431model,
the output voltage is the TL431 AK voltage,
the impedance Z, is the seriesimpedance givenby Rconrp. and Ccon pz:

1 _1+sRcomp:Ccomp:

.
sCcomp= sCcomp=

Zp=Recomp:

the impedance Z is the equivalent impedance seen from the TL431REF pin (i, the inverting input of the OP-AMP) when U+ is
grounded:
_ Breu RrBB

° Rppu +RrBB

the input source V;,, is the open-circuit voltage seen from the TL431REF pin (i.e, the inverting input of the OP-AMP) when only U+ is
active:
Vi - ) RrBB
¢ °ut " Rppu + RreB
By combining these formulas, it results:

Vak rras1 = ~Usus- RrpB 1+sRcomp.Ccomp: Rrpu+Rrpp _ _ . 1+sCoompz Rcomp:
’ °“* Rrpu + RFBB sCcomp= Rppu RrBB ou sCcompz RFBU
L EE-365 Power Electronics Laboratory



OUTPUT SIDE REGULATION CIRCUIT..

Previous derivations are graphically illustrated in the following figure.

Vv_our V_OoUuT
VAN
R_LED
R_FBU []
V_OouT
C_COMPz  R_compz| HEP &)
I — Series Connection
+11 —
[ > R_COMPz + 1/(sC_COMPz) R_LED1
1
' >
12> Thevenin Equivalent Circuit R—FB'M—FBB I_LED1 >
I -
R_FBB H > V_out*R_FBB/ +
TL431 (R_FBU+R_FBB)
Small-Signal
Model = =

GND_OUT

Figure 18 Equivalent model of the Output-Side regulation circuit.

Power Electronics Laboratory | 26 of 37
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TYPE 2 COMPENSATOR - DERIVING THE MODEL..

» the LED current, which is the input of the optocoupler, can be found as:

7 _Uowt —Var,rr431 _ 1 L 1+sCcomp: Rcomp:
LED - — . __ _ ______ — t° !
RrepD °“* RrLED sCcompz RFBU
“ Uy ot L+sCcomp: Rocomp: +sCcomp: Rrpu _
°“* RreD sCcompz RFBU

1 Rcowmp:+Rrppy 1+sCcomp:(Rcomp:+ RrBu)
RrED Rrpy sCcompz (Rcomp= + Rrpu)

out ’

> Finally, by linking the optocoupler input and output current through the simple formula: Ic g = CTR - I, g p, the relationship
between small perturbations of U+ and small perturbations of Voo arp is:

v __ CTR.- RcompPp Rcomp:+RrBu RopTo _
comp out Rrep Rrpu Ropro + Rraa
1+sCcomp: (Rcomp: + Rrpu) 1

sCcomp:(Rcomp: + Rrpu) 1+sCcompp Rcompp

» which is the provided expression of the transfer function C‘FB(S) inR2.

» Note that the minus sign is intrinsically stabilizing for the system, because itis just as if Vioo ar p is obtained by multiplying CFB (s)
with the error (0 — U,,,,¢) (and O is a reference perturbation signal’).

E P F L EE-365 Power Electronics Laboratory



TYPE 2 COMPENSATOR - DERIVING THE MODEL...

» The small-signal transfer function of the implemented Type Il compensation network is:

N R R, +R R,
_ YcompP . comMpPp RcoMmp: FBU . OPTO .
Crals) = —Uout CTR RrED Rrpu Ropro + RrBC

1+sCcomp:(Rcompz + RrBU) 1
sCcomp: (Rcomp: + Rrpu) 1+sCcompp Rcompp

» These parameters must be chosen in a way to match the ideal Type Il transfer function C‘Typen(s).

» By comparing C'r5(s) and C’Typen(s), identify the expressions of
> thegain K p;
» the frequency of the transfer function zero f;
> the frequency of the transfer function pole f,,.
» The actual question is quite simple. It only requires to compare the expression of the ideal Type Il transfer function with the expression
of the implemented one (which is already provided):

Rcompp Rcomp: + Rrsu RopToO
Kp=CTR: : : :
il Rrep RrBU Ropro + RrBa
1. = 1 1
* 21 Ccompz(Rcomp:+ RrBU)
1 1
Ip

" 27 Ccompp Rcompp
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REFERENCE OUTPUT VOLTAGE

v

v

v

v

v

v

=

The REF voltage is given by a simple voltage divider between R gy and
RrppB.

The aim is to get the REF voltage as close as possible to the TL431internal
voltage, which is around 2.495 V (and can be approximated as 2.5 V).

In order to get a current absorption of 1mA, the resistance R i g g is simply
calculated as:
Rppp =25V/1mA = 25kQ

The voltage divider relationship is:

_ RrpB
25V = Uout Rppu + RFBB

This expression can be inverted to find the needed value of Rpg:

UOu
Rrpu = RFBB - ( 2_5\}s - 1)

Consult data sheet for details and more thorough explanations

L EE-365

GND_OUT

Figure 19 Reference Voltage Setting with the TL431.
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LED RESISTOR

Few things to consider:

v

typical optocoupler input voltage drop is around 1V.
the minimum TL431anode-cathode voltage required to guarantee the proper functioning is around 2.5 V.
Therefore, the maximum voltage dropon Ry, g p is:

v

v

VR,LED =Uyyt —1V—-25V

v

By assuming a LED currentvalue I r 1. £ p, the led resistance can be computed as:

Rrep = VR LED/IR,LED

v

For example, if Uyy,¢ = 12V, then VR [ gp = 85 V. Assuming amaximum LED current of 10 mA, the resistance is around

Rppp =850Q.

Important. Note that this computed resistance is only a "first try” value. Indeed, it is not yet possible to know what would be the real
anode-cathode voltage of the TL431required for the regulation and the LED current. According to the other chosen components of
the compensation network itis likely that R,  p is to be changed later on.

Further complications: What are the effects of changing R, g p without changing the other parameters of the compensation network?

v

v

Decreasing R, g p leads, for the same optocoupler current, to a decrease of the voltage drop Vr 1, g p. This leads to the increase of
the steady-state anode-cathode voltage of the TL431, and can be helpful in case of saturation below 2.5 V.

However, since Ry, g p appears at the denominator of the small-signal transfer function of the controller, decreasing its value leads to
an increase of the static gain, which generally leads to an increase of the crossover frequency and to a decrease of the phase margin
(i.e., less stability robustness).

Vice versa, increasing Ry, g p can be beneficial for the small-signal stability of the closed-loop system, but may increase the voltage
drop and lead to a large-signal saturation of the TL431.

v

v

v

The proper value is to be chosen as a trade-off between these two opposite requirements.
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COMPENSATION ZERO COMPONENTS

Components defining the zero:

» The frequency f, of the zero has already been chosen
previously (in the ideal Type Il controller design phase).

» theinitial value of Rcoarp» canbechosenasb - Rppy .
» The capacitor Cco v p» can be therefore chosen as:

1
2m f. (Rcompz + RrBu)

Ccomp: =

v

Important. Note that this computed resistance and capacitance
are only "first try” values. According to the other chosen
components of the compensation network, it is likely that
Rcowm p isto be changed later on. In case the resistance
Rc o p- ischanged, the capacitor Coo ps p» Needsto be
properly re-calculated in a way to keep the same value of f .

EPFL ==

>

v

v

v

Few Considerations

What are the effects of changing R o ar p» Without changing
the other parameters of the compensation network?

For this compensation network design, Rco av p» is the only
parameter that can influence the gain of the small-signal transfer
function C '+ B(s) without affecting the large-signal behaviour of
the system (e.g., saturation, biasing, etc...).

Since Rco M p» appears at the numerator of the transfer
function gain, decreasing it can lead to a decrease of the gain
K p,which generally leads to a decrease of the crossover
frequency and to an increase of the phase margin. Vice-versa,
increasing Rco avr p» leads to anincrease of K p, which leads
to anincrease of the crossover frequency and, likely, to a
dectease of the phase margin.

However, note that the effects of decreasing Rcoarp» are
limited by the resistance R g7, which also appears at the

numerator summed by Rco ar p- This means that it is not
possible to decrease the gain K p below a certain value.

Power Electronics Laboratory



COMPENSATION POLE COMPONENTS.

Components defining the pole:

=P

v

v

v

v

v

v

v

v

-

The frequency fp of the pole has already been chosen previously (in the ideal Type Il controller design phase).
the initial value of Rc o p» can be chosen as 1kQ.

The capacitor Coo s pp can be therefore chosen as:

1

C -
COMPp = o1 f, Rcormpp

Important. Note that this computed resistance and capacitance are only "first try” values. According to the other chosen components
of the compensation network, itis likely that Rco s pp is to be changed later on. In case the resistance Rco a pp is changed, the
capacitor Cco Ppp Needsto be properly re-calculated in a way to keep the same value of fp.

By the knowledge of Rc o pp and of the voltage Vo o as p (that has already been computed previously) it is possible to compute
the current sinked or sourced from the COMP pin of the UCC28C44 device.

the steady-state current sinked from the COMP pin can be computed as:

Vre —Vecomup _ 25V -Voomp
Rcompp Rcompp

Icomp =

and,incase Icoarp < 0the currentis sourced by the COMP pin.

For example, if (from the previous analysis), it results that VcompP,min = 17Vand VCOMP,WH = 27V, then, by choosing a
resistance Rco v pp = 1kQ, the current I oy p ranges between 0.8 mA (sinked) and 0.2 mA (sourced). Both values are within the
range of the UCC28C44.
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COMPENSATION POLE COMPONENTS..

Few Considerations

>

v

v

v

=Pr

What are the effects of changing RCO]\/[PP (and CCOMPp)
without changing the other parameters of the compensation
network?

Increasing Rc o ar pp leads, for the same Voo p values, toa
reduction of the I s p current. This can be helpful in the
several cases.

If the currents are outside the feasible range of the UCC28C44
device (max 10 mA sinked and max 1mA sourced), they need to
be reduced.

Since the current I o ps p isalso flowingon R g, by
decreasing I o pr p itis possible to reduce the voltage drop on
R g itself,and the optocoupler collector-emitter voltage
becomes closer to 2.5V (i.e., far from the optocoupler saturated
conditions).

Since the optocoupler output current is given by the sum of the
current Icoyp = I g andthe current Io pro, by
decreasing I oo pr p, this current is also decreased. Then, for a
given CTR, the reduction of I~ g leads to areduction of I, g p,
which leads to a reduction of the voltage drop on Ry, g p and to
anincrease of the AK voltage of the TL431 (far from the lower
saturation at 2.5 V).

L EE-365

» However, since RCOMPp appears at the numerator of the
small-signal transfer function C r B(8),increasing its value also
leads to an increase of the crossover frequency and, likely, to a
decrease of the phase margin of the controlled system.

v

Vice-versa, increasing Rc o M pp can be beneficial for the
small-signal stability of the system, but can weaken the
large-signal property of the controller (ie., the system may be
closer to operating limits, optocoupler saturation and TL431
voltage saturation).

» The proper value can be chosen as a trade-off between these
two opposite requirements.

Error
Anmplifier

around 2.5V

FB |_FBG = _COMP
1 -
LT

V_COMP Sinked
/ |_COMP
COMP current

~<=

R_COMPp

uccascas

Figure 20 Steady-State circuit of the Error Amplifier.
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FEEDBACK PIN RESISTOR.
—
J

VREF

5V
Error
Amplifier lo
.
+ _ -
<‘> 5V around 2.5V I‘E‘BG I_comp V_R,OPTO V—_CE ) < io
T Rres e
1 — OPTO
I_COMP R_COMPp R_OPTO
—
ucc2scad V_COmP |_R,0PTO
GND
Figure 21 Equivalent model of the steady-state input-side regulation circuit.
» Thecurrent Iconp = I g hasalready been computed as:
Icomp =1IrBG = 28V - Veomp
Rcompp
Rrpg Veoup - RrBg
Pp Rcompp

» Thevoltageon Ropro is:
VR,OPTO ~25V+ Rppg - Ippg =25V +25V-

» The Collector-Emitter voltage of the Optocoupler output is:
Rrpc
P

Vop =5V - Ve opro =25V -25V-

EPFL ==

+Veomp - Ro

OMPp B

25V -

RrBa
& (25V-Veomp)
co MPP Power Electronics Laboratory



FEEDBACK PIN RESISTOR..

v

v

v

v

v

v

If Veomp < 25V, the voltage Vo islessthan 25 V.

To guarantee the proper functioning of the optocoupler, this voltage must be greater than 0.4 V (which is the saturation voltage of the
optocoupler). Therefore:
25V —-04V

Rrpa
25V - —=2=—.(25V -V, > 04V = R <R B
Reonry ( comp) FBG = Roompy 55y v, 000

Vice versa, if Vooyrp > 25V, the voltage Vo i is greater than 2.5 V.

To guarantee the proper functioning of the optocoupler, this voltage must be less than 5 V (which is the VREF voltage of the
UCC28C44 device). Therefore:
5V-25V

Rrpc
25V - =—=2=— . (25V -V, <5hV = R <R e
Reonry ( comPp) FBG = Roompy 1 o ogy

For example, if (from the previous analysis), it results that Voo ar p,min = 17Vand Voo v pymaz = 27 V,andif Roon pp = 1kQ,
then:

» fromthe minimum Voo p < 25V, itresults: Rppg < 263kQ;
» fromthe maximum Voo prp > 25V, itresults: Rpga < 125kQ

the first case is more restrictive, and the *first try” value of R g can be chosen to be around 1.3 kQ.
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OPTOCOUPLER RESISTOR, CURRENT

>

v

v

v

v

v

>

the value of K, has been already found to be:

Rcompp Rcomps: + Rrsu Ropro
Kp=CTR: : z :
P Rrpep RrBU Ropro + RrBa

all the values, except Ro p 0, have already been found, and the desired value of K, had been chosen to set the bandwidth
frequency f3,, in the design of the ideal Type Il controller. Then, the previous equation can be inverted to find the "first try” value of

Ropro:

R _ Rrpa
OPTO 1_(CTR . RcompPp Rcomp:+RFBU
Kp RrLED RrBU

Sometimes it may be possible to assume Rr g > Ro pro,and the previous expression become much easier to solve.
from the expression of the voltage on R po itis possible to find the current flowingin Ro pro as:
VroopPTO _ 25V , 28V -Voomp) Rrpe

Ir.oPTO = = :
’ Ropro  Ropro Rconpp Ropro

the collector-emitter current of the optocoupler outputis the sum of Ir o pT0o and of I 7, and its expression is:

Icg,opro = Ir,0PTO + IFBG =

" Ropro Rcompp Ropro Rcompp Ropro Rcompp
the optocoupler LED current is instead simply expressed as:

25V +(2-5V7VCOMP) Rrpa +2.5V—VCOMP7 25V +(2.SV—VCOMP) 1+

Ropro

Rrpc )

_Icg,opTO
Ireporro=—GrR

these two expressions can be used to verify if both currents are within the specified ranges.
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TL431VOLTAGE

» the expression of the TL431anode-cathode voltage has already been provided v_out
before, although impilicitly (sizing of Ry, g p). Itis: i

Vark,rr431 =Uout —IV - Rrep ILED,OPTO R _Biast [l]RfBU

o R_Bias2
b C_COMP:
» the worst case is obtained for the highest I, g p,0 PTO- 0:/1“32 Rcowz T

— LLFS

OPTO

v

to guarantee the correct functioning, it mustresult V4 g 77,431 > 25V.

v

In case the computed voltage is lower than 2.5 V, the changes that can be made are:

decrease the optocoupler currents (see previous question); s R_FBB

v

v

decrease the resistor Ry, g p (which leads to a lower voltage drop).

v

Itis sufficient to compare the values of i,  p, 0 pT O With TmA. GND_ouT

v

In many cases, the use of a bias resistor can help anyway (even if the current is alreadyFigure 22 Connection of the TL431bias resistors.
greater than TmA).

v

if the Bias resistor is placed in parallel to the optocoupler LED (R g, 452 in the figure),
it exploits the LED voltage drop (of around 1V) to provide the current. In this case
RpB;qs issimply chosen to be:

1V
RpBias2 = TmA = 1kQ

v

If, instead, the Bias resistor is placed between the output terminal and the TL431
(RpBiqs1 inthe figure) its value can be computed as:

_ Usut = VAK TL431,maz
RBiasl = TmA

E P F L EE-365 Power Electronics Laboratory
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