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Peak Current Mode Control Compensator Design (with an OTA)

As you may already be aware, for current mode control we usually 11

only need a Type |l compensator as shown on the right
Type |l design with a standard op-amp is well documented*

However, sometimes PWM ICs contain an internal “Operational
Transconductance Amplifier” (OTA) instead of the standard voltage
amplifier

Advantages = usually cheaper

Disadvantage:

Can’t easily make a Type Il with an OTA
Isolated loop design process is not well defined or documented

For completeness we will design our next converter using a
transconductance amplifier

We will use the extremely popular LM515x range of controllers to show
an example of compensator design using OTAs

Before we start our design, let us review

* Pl B ISBN 978-0071823463
o ey Transconductance Amps

* Maniktala ISBN 978-0123865335
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We will use a TI LM5157%*:
Internal switch

CCM Boost Converter Control Loop Design Example

Internal slope
Ramp size in datasheet
Internal current sense circuitry
including signal amplification
Current Sense Gain from

Vsuppiy L

J

Cin

datasheet
Vi PGOOD BIAS .
A Transconductance Amplifier
vee_ox FB —l VREF and Gm in datasheet

VsuppLy

L AGND
TS-D—CD—D Ready |, D ovP
OWTH

Ruvor BIAS
L SYNC
Detector —» Clock_Sync VeC
Ruvios vCC | r
W L
VCC_EN VCC_EN —»{ Regulator R
Ven GIL Com Hiccup

parator Maode VGG
VCC_OK «— ;-

l_l gcvcc
cs

Transconductance Amp! dD |

. Gain
= Acs
Cas J—_ Vrer —] Clock Generator MODE v
—®| Spread Spectrum Selection o5
FB Clock_Sync
COMP RT L AﬂD VJ_IMODE F"GND'J_I

. L2

Ccomr 4 -
* https://www.ti.com/product/LI\’O&E . j Imode: 4- 4
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Voltage Sources, Current Sources and Transconductance Amplifiers

Some of the very first topics that we study in electronic
engineering are ideal voltages sources and op-amps
Typically only Voltage Operational Amplifiers i.e. standard op-amps

Typically voltages sources are covered in depth but current sources
are usually only mentioned briefly

Operational Transconductance Amplifiers (OTA) barely get a
mention in most university courses
It is not a standard voltage Op-Amp AND it is a current source ©

In many modern PWM ICs however, we will find only a OTA rather
than a normal op-amp

So we may have to design our compensator using an OTA
But most textbooks and App Notes only deal with normal op-amps

But a very nice detailed explanation can be found in Christophe
Basso’s book ISBN 978-1-60807-557-7

Imode: 4 -
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A Quick Review Voltage and Current Sources

An ideal voltage source provides whatever current that is necessary
to keep the voltage constant across RL as RL changes

A 1V voltage source with RL = 1Q2 would source 1A
The same voltage source with 1IMQ would source 1uA
The same voltage source with 1mC2 would source 1000A

An ideal current source provides whatever potential difference that
is required to keep the current through RL constant as RL changes

A 1A current source with RL = 1Q would form a p.d. of 1V across RL
The same current source with 1IMQ would form a p.d. of 1IMV!
The same current source with 1m¢€2 would form a p.d. of ImV

Voltage RL Current RL
sodrce source 8T

A Very Quick Review!

Imode: 4 -
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A Quick Review of Standard Voltage Amplifier R2

VWA R
The standard ideal op-amp is effectively a Controlled Voltage Source

Vin is a voltage source and Vout is also a voltage source /
The current out of the output pin would be whatever is needed to make sure Vout o——<
ut ¢

stayed at the desired value - i.e. just like an ideal voltage source Vo

Rb
With an OTA, our output is a current (lout) and not a voltage, so to make a
voltage amplifier, we first need to convert the output current to a voltage

To make an OTA equivalent of a standard op-amp, all we have to do is to connect
our feedback impedance to ground instead of point X of the standard op-amp

Current will now flow out of the lout pin, flow through R2 and a voltage (Vout) will
appear across R2

Output of our OTA, is the potential difference between the non-inverting
(Vin+) and the inverting (Vin-) pins of our Op-Amp multiplied by a gain Vin
called “transconductance” or gm

lout = (Vi — Vip—).gm Rl%

Therefore, gm WILL appear in the transfer function

But thankfully it is always specified in the datashecy

Output is a current so we convert to
a voltage = Vout = lout x R2 RZL

Imode: 4- 7
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How to Make a Compensator with an OTA

All we have to do now is to derive

OTA Type Il is quite easy, all you have to do is to disconnect the feedback the transfer function of our Type
components from point X (of a standard op-amp) and connect to ground Il compensator

Current will flow from the OTA output, and the voltage that appears across our

impedances will have the frequency response determined by C1, R2, C3 (... and R1 Luckily this has already been

and Rb and gm ©) done* and it is already in Biricha

Note that a practical Type Il is not simple and therefore it is almost never WDS + various other PSU design
used** SU Vout tools
PSU Vout o

R1

R2Z
. T Wl SR

TA -
N GIN-REF Lo z |X
— Py
L A EAOUT \{¢ .
C3 Ei?
\B;E

* Please see Basso ISBN 978-1608075577
* Maniktala ISBN 978-0123865335
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LM5155 Boost EVM OTA Exam ple* Very easy to say of your chip has an OTA

If compensation components are tied to

ViCCaxt VCC H 1
. o Rd RS ground then it is an OTA
VCCEst T N a 100
02
WIN VALK Y
T T ﬂ \ c18
&0V 100pF
Tl
U 1uF
h8
210k 2 =
_ | Bias veE .
~ L] LD 3
R21 . GATE
s vy A A 2 LMLOISYNG
o
PGOCD
R0 cocn _
249k 1 | pzooD S ot
—— ONP
10, Ry PGHD |2
bi»—l
| P FB Lo 2 it
/ CONP \
13
EP
—q>—Ll< COMP AGHD L :
R MR14
ONP Frase Seem  ——cla NTH
WS 155055R Mat-Tia
ofour N
Lz =
AGND PEND
0.0ZuF
a5
20v
220pF  LRAT
i1k
PEND AGND \ PGMD /

* https://www.ti.com/lit/ug/snvu608/snvu608.pdf?ts=1713127283620&ref url=https%253A%252F%252Fwww.ti.com%252Ftool%252FLM5155EVM-BST Imode:4- 9
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Q1 L Vout

Type |l Compensator with a Standard Voltage Amplifier O j %S =3

Type |l Y L
2 poles & 1 zero I:

Most commonly used for current mode control (Flybacks/Boost/SEPIC etc.) ' %
|

i

|
Not suitable for voltage mode Buck or Forward converters (need Type lll) : C1 R2 R1:
: . :
Transfer function: : % I
|
; |

S . /
Wy (a)1+1) \ N %Rbl
HC(S)=( Sp j Z -

S 41
W,
Typically start by positioning our poles and zeros - Day 1 of our workshop or

WDS

Then we select R1 & Rb (more on this later) and then we can calculate everything
else

wpO0 = frequency of the pole @ origin, mp0 frequency of the 1%t pole, wzl =
frequency of the 15t zero in rad/s for Hz just divide by 2w

1 1 (c+Cy)

w,, = .= W, =
“ RZ Cl e R1 (Cl + CS) P R2 Cl CS

Imode: 4 - 10
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Type Il Compensator with Standard Voltage Error Amplifier

Magnitude (dB)

Phase (Degrees)

Biode Plot
Plant

V| Comp
Loop

V| teasurement

Memary 2

Spice

&0

100

-180
TTE

-2

=270

W

100

Stability

Fx P.r.

Morninal nta nia
Measured  48417Hz 94°

Stability Sweep [min/max)
Fe  B.29/529kHz

F.om.: 53/59°
G.m.: 20/ 20dB

/

1K

1K

G.m. Slope at Fx RHFZ
nfa h'a 74.8kHz
EdB -20.0dB/dec

Slope at Fw 227 /-22 7dB/dec
RHFZ: 748/ 748kHz

10K
100K

Freguency (Hz)

10K,
100K

Frequency (Hz)

Red line: WDS simulation

Black line: real measurement with

Bodel00
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Type Il Compensator with an OTA

Transfer function is exactly the same as the standard op-amp Type |l
But the equations for pole zero placement are different as shown below
fpO0, fpl, fz1 etc. the pole and zero positions in Hz

First we will use Biricha’s WDS Power Supply Design Software to place our
poles and zeros

We cover the principles of how this is done in our workshop

After selecting the position of our poles and zeros we can select the component values
using the following equations*®

gm is defined in the datasheet and typically displayed in mA/V, uA/V,
uSiemens (uS) or in old devices in Mhos

Typically start by selecting R1 & Rb such that the current through them is
>100uA

Then we can calculate everything else because we have 3 equations & 3

unknowns ©
v . vy
) pr = ) fpz =

[ A €, + C3)
L7 2n R, ¢ 2w (R, + Rp) (C; + C3)

2T R, C; Cq

(S+q
a)zl

PSU YOut

Sri

||| iy

* All terms denoted by o in the transfer function are in rad/s = for Hz, just divide by 2rt

Design example coming up shortly

Rb
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CCM Boost Converter Control Loop Real Design Example

Let us design a CCM Boost with the following specification
From specifications tab

Qutput voltage ripple [ overshoot:

Voltage Ripple (pk-pk)

Caonverter Spedification Control Parameters

Voltage Ripple (pk-pk) 45

Topology: Boost CCM v Control Mode: Peak Current
— Load Step from 100% to
Output voltage isolated from primary side:  Mon Isolated © Analog Control () Digital Control
. Voltage Overshoot 1800
Switching Fregquency 350 kHz
R ' Demand Effidency a5
Maximum 5 y Sampling Frequency nfa njfa kHz
Maominal 5 W Pure Time Delay nia ¥ Tzamp
Miirirriur 5 v Crossover Frequency 3.5 2 | kHz
Qutput; Phase Marain 75 Degrees
Maxirmum Current 1 A
Voltage q y

Under CCM conditions Boost will have a RHPZ issue

We must use current mode

In fact under DCM we usually use Imode also mainly so that we can limit the
peak of the inductor current

Under CCM we will have a subharmonic oscillation issue
We will use a PWM IC with internal slope compensation

0.5

50

1300
a5

my
L

e | AV
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CCM Boost Converter Control Loop Real Design Example

Vsuppiy

J

Cin

VsuppLy

Ruvior

Ruvioa

Transconductance Amp! dD |
I 85

VCC_OK

T

TS-D—CD—P Ready Vo D

SYNC
Detector —* Clock_Sync

VCC _EN

J—_ Vrer ]

|-

Css

COMP

C/L Comparator

VCC_EN —»{ Regulator

Hiccup
Mode

VCC_OK +—

Clock Generator
» Spread Spectrum

L

PGOOD BIAS
AGND
BIAS
‘ vce
vee | r
pu L

VCC
UVLO

MODE
Selection

les
Gain
= Acs

Ves

Clock_Sync

RT—

AGND ’J_IMODE
1

PGN D'_L

* https://www.ti.com/product/LM5157

R

R

=

We will use a TI LM5157*:
Internal switch
Internal slope
Ramp size in datasheet

Internal current sense circuitry

inducing signal amplification
Current Sense Gain from
datasheet

A Transconductance Amplifier
VREF and Gm in datasheet

Imode: 4 - 14
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CCM Boost Converter Control Loop Real Design Example S (I

First we need to extract the data that we/WDS needs from the rame /)y
datasheet*

Slope = the chip adds a fixed slope of 500mV without synchronization Py

Op-Amp Reference Voltage (VREF) .

Current Gain Ri (note: Acs is directly oc Ri) Ve, ope | 500mV x| BT

In WDS Riis in V/A ——fsvne
Op-Amp Transconductance (Gm) » fsync is fr if clock synchronization is not used

Gm is in uA/V or uSiemens or uMho

ERROR AMPLIFIER

VReE FB reference 0.99 1 1.01 A"

Gm Transconductance 2 mA/N
COMP sourcing current Veomp =12V 180 MA
COMP clamp voltage COMP rising (VyyLo = 2.0V) 2.5 2.8 A"
COMP clamp voltage COMP falling 1 1.1 Vi

Acs AVcomp/ Alsw 0.095

Important: make sure the units for Ri and Gm are in the right dimensions
Acs is given in V/A as Rsns is internal so this is all we need and Ri = Acs
When Rsns is external, Acs it is often given in V/V and we have to multiply by Rsns or Rsns/N

* https://www.ti.com/product/LM5157 Imode: 4 - 15
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CCM Boost Converter Control Loop Real Design Example
Gm is given as 2mA/V in the datasheet, but WDS expects it in uA/V

In Controller Design tab () Op-amp © Transconductance Amp

Transconductance Factor gm 000 pMhofps

Acs is 0.095V/A from the datasheet in V/A, therefore Ri = Acs =
0.095 V/A

In Controller Design Tab

Current Sense and Slope Compensation

Current Sense Gain < 0.34 ’DDQE—VI WA
Magnetizing Free"Ramp Vipk-pk)
COptimal External Ramp 0.08 Yipk-pk)
Amount of Ramp to &dd g gs 0.5 v | V{pk-pk)
Ramp Slope 175 m fusec
V.on CurrentSense Pin - g, 78 v

From the datasheet we know that our OTA’s VREF = 1V
In Analog (Non-Isolated tab)

Error Amplifier
Reference Voltage 1 | W

Please note that:

Acs is already in V/A as in LM5157,
our current sense resistor Rsns is
internal

If Rsns is external (e.g. TPS40210)
then Acs is often given as the gain
of the internal current sense
amplifier in V/V or with no units

Then we must multiply by Acs by
external Rsns or Rsns/N = more
on this later

A/V, Siemens (S) and Mho are all
the same units

Imode: 4 - 16
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CCM Boost Converter Control Loop Real Design Exampptee o=z«

© Automatic placement () Manual placement
WDS can now calculate our poles and zeros (on the right) Pole at the origin 412.78 Y L
In Analog (Controller Design tab) S 21277.4 212774 | M
Or you can place them yourselves by hand or with other tools e =
First Zero 435,85 435,86 « | HZ
You or WDS can now calculate our Rs and Cs based on Second Zero e
fr = _ foo = gmRo s g = (G + G) Our Design is Complete! ©
d p 2T (Rl + Rb) (Cl + Cg) p

2T Rz Cl ’ 21 RZ Cl C3

Typically we specify how much current we wish to flow down R1 &
Rb and then everything else is worked out by WDS

Try to keep the current >100uA for better radiated immunity in the EMC
test chamber

Controller Component Values

Sampling Divider

Ping R2 4,35 4,32 w | k2
Desired tth h divid A -
esired current through divider 0.5 | m = —= = .
R1 16 16 ka2

e — - c1 33.93 100 ~| nF
=13 3 ke —

= cz2 nfa nfa nF
Artual current through pd ma

D'E— C3 1.76 7.3 w | MF

Imode: 4 - 17
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CCM Boost Converter Control Loop Real Design Example

R18 c17
ssovaint 9 ——
AAAS >t {Vboost _Out
- Bst L1 DAk
+ o
— —
— BST_EN_LEDL o \
N N i VecR16 Bst_INJ12
Vec_Cleor O—-o0
ot S| | c1s SR & Vout_Boost_J11
n 1uF -
2.2k S Rinj11 1 1
2 1uF Mmoo 1 2 |,
= = []uw.o_reiz = . .
) . 2 9 BST-INJL + + Cout_C18 2
5 C Swl—14 — — —— - ZS
EN/UVLO/SYNC 13 — — — -
SW—s OTAR1 Cout €32 |Cout €35 | Coutc11| =
sw DNP ~ ~ in
[]DNP;PGOGD Uk 3
VL. C LM5157RTER 5 2
N UVLOR1} [FB OTA_Comp2 L L L L L1
coMP +—O 3 c1
w (=] a
1 5 2%%2 3 = PSU Vout
— — = wuv [CRER - N o
xr u»n = < 0o 4 wl= <
5
E - S I ) = |y 4
5 ]2
o < 5
RT2 v 5
62k o
L 1uF \ - -
- | | o
NEEE
i
=
(=]
Zl amwn

Wideband Injection Transformer B-WIT 100
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OTA Based Boost Compensator Measurement

Magnitude (dB)

Bode Plot

() Plant - blue
Loop

Comp - red

|| Loop - green

Measured - blk

comp_ota

(] Spice - blk

40

£0

100

100

[)-180ph

~ @180 ph

Stability
Fx

MNominal néa
Measured 7545Hz

Stability Sweep [min/max]
Fx: 1,97 /1.97kHz
P.m.: 76776

G.m.: 26/ 26dB

P.m.
n/a
154*

G.m. Slope at Fx RHFZ
n/a n/a 38.3kHz
24d8  -2.0dB/dec

Hands on Workshops on
Power Supply Design and EMC

www _biricha.com

Slope at Fx: -20.7 /-20.7dB/dec
RHPZ: 38.3/38.3kHz

1K

1K

10K
100K

Frequency (Hz)

10K
100K

Freauency (Hz)

Red line: WDS simulation

Black line: real measurement with
Bodel00
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OTA Based Boost Compensator Measurement

Measuring the compensator’s response

Measures the frequency response of the compensator
Q1

L
— A\
dx 1
Vin C RL,
D D1 — %

Vout

(2

>~ -
V

Injection
Injection resistor << R1 transformer

ik % \ Bode O/P
s i@@fg

Rb
,k R ©3 ‘ Channel 1

N

Channel 2

Imode: 4 - 20
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OTA Based Boost Plant Measurement

Measure the plant’s response: ‘N .-
Also known as the control to output transfer function -

Includes PWM gain

R

L
Y Y\
2
Vin C L
CD D1 p— %
Channel 2
/l/]—-\ = » v %
-
Injection
Injection resistor << R1 transformer
R1 )

% Bode O/P

A

.|||—n| |—
i—AAn

Rb

||| N

Channel 1 Imode: 4 - 21
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OTA Based Boost Boost’s Plant Measurement

Magnitude (dB)

Phase (Degrees)

Bode Plot Stability
Fx P.m.
& Flant - bl
B8 Plant - blue MNaorminal n/a n/a
Loop [_1-180 ph Measured  1648Hz 93
[ Comp - red
[ Loop - green

Stability Sweep [min/max)

Measured - blk
Fx  1.97 /1.97kHz

plant v

P.m.: 76/76°

[ Spice - blk G.m.: 26/ 26dB
40 |
20 |

|

0

20 |

|
-40 |
= 8 X |

G.m. Slope at Fx RHFZ
n/a n/a 38.3kHz
29d8  -20.1dB/dec

Hands on Workshops on
Power Supply Design and EMC

www _biricha.com

Slope at Fx: -20.7 /-20.7dB/dec
RHPZ: 38.3/38.3kHz

10K
100K

Frequency (Hz)

100
1K

10K
100K

Freguency (Hz)

Blue line: WDS simulation

Black line: real measurement with
Bodel00

Imode: 4 - 22
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OTA Based Boost Loop Measurement

Measuring the loop response
Measures the frequency response of the compensator, PWM and

plant combined

/ )
&) 5o T
. /Channell

pd
T~
Injection
transformer
pd

i % Bode O/P

9 mEI:R EF é Channel 2

N—

\
V

Injection resistor << R1

A

I_.

1

Rb

1

Imode: 4 - 23
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OTA Based Boost Loop Measurement

Magnitude (dB)

Bode Plot [Gain/Phase at 213.58 Hz)
[ Plant - blue

Loop (C)-180 ph
[ ) Comp - red
Loop - green 235048 /-116.22°
Measured - bk 23.21dB / -122.63°

Loop
[ Spice - blk

£0 . |
o
-
= I
6.8 |
f418 |
N
152 |
a7 |
242 |
287 o
o
-

Stability

Fx P.m.

Nominal 1971Hz 76"
Measured  1858Hz F o

Stability Sweep [min/max]
Fa  1.97 /1.97kHz
P.m.: 76/76°

G.m.: 26/ 26dB

1K

Hands on Workshops on
Power Supply Design and EMC

G.m. Slope at Fx RHFZ
26dB -20.7dB/dec  38.3kHz
51d8  -22.2dB/dec

www _biricha.com

Slope at Fx: -20.7 /-20.7dB/dec
RHFZ: 38.3/38.3kHz

10K
100K

Frequency (Hz)

1K

Freauency (Hz)

Green line: WDS simulation

Black line: real measurement with
Bodel00

Imode: 4 - 24



BIRICHA
DIGITAL

OTA Based Boost Step Load (50% => 100%)

SIGLENT
8 Utility [ Display  fTi Acquire ™ Trigger  3f Cursors [& Measure D Math [ Analysis oy E CURSORS
(C1) < 2.0Hz

MEASURE Mean(C1) Top(C1) Freq(C1)

Value =4,579349 Q.10417V. ke 10.324696mV 79.17mA

DCIM DCIM Timebase Trigger  C1HFR T
10X 2.00v/ 50.0mV/ 2,004/ 397ns 500us/div Normal 7.90v  00:08:59
FULL 0.00v 0.00v| FULL 0.00A 1.00Mpts 200MSa/s Edge Rising 2024/3/30

Imode: 4 - 25
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Biricha Workshops

June 2024 Freiham Germany
Analog PSU Design
Digital PSU Design
EMC Filter Design

New online workshops Q4 2024

Register here to receive updates + free WDS:

www.biricha.com/omicron.html

Upcoming
Workshops

April 23rd - 26th 2024
Austin, TX
USA

June 4th - 7th 2024
Freiham, Munich
Germany

June 4th - 7th 2024
Freiham, Munich
Germany

June 10th - 12th 2024
Freiham, Munich
Germany
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