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1. Introduction

SmartCtrl" is a general-purpose controller design software specifically for power
electronics applications. This tutorial is intended to guide you, step by step, to
design the controller (or regulator) of a dc/dc converter with double control loops
using the SmartCtrl software.

The converter in this example is a buck converter with inner current loop and
outer voltage loop, as shown in the figure below. The objective is to design the
current and voltage regulators, as highlighted in the red dotted boxes.

Converter parameters:

- Inputvoltage: 30V

- Output voltage: 15V

- Reference voltage: 2.5V

- Output inductance: 100uH

- Output capacitance: 470uF

- Switching frequency:
100kHz

Buck (L-current sensed), Double loop.

RL L (‘?
APV Yo
= G

Vin

From power
circuit voltage

with current sensor

gain set to 1)
#
I .

Current
oltage
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1. Define the converter and control loop structure

To begin the design process in this example, in SmartCtrl, click on the icon . Or
from the Data menu, choose Predefined topologies -> DC/DC converters ->
Double loop. From the dialog window, select the Plant drop-down menu and
choose Buck (LCS-VMC), as shown below.

DC-DC converter, average current control data input “
Plant | ﬂ Frequencyrgnge(Hz)
min max
Boost (LCS_WhiC) | 1 9493000
Boost (DCS_WMC)
Buck-Boost (LCS_WMC)
Flyback (DCS_WC) )
Forward (LCS_WMC) Salmap (inner loop)
Inner loop sensor Cuter loop sensar
J J Cross freq. FPhase marg.
0 0

Sal.map (outer loop)

Inner loop compensatar Outer loop compensator

B2 =

— —

Cross freq. Fhase marg.
L I 0|

0
Help
| ﬂ Cancel ‘ [0]4 |

Similar to the single loop design, the double loop design must be done
sequentially, and SmartCtrl will guide you through the process.

Note that in all the available plants, the outer loop is voltage mode control (VMCQ),
while the inner loop is current control. Depending on the selected plant, the
controlled current can be from either the output inductor (LCS) or from the diode
(DCS). In this example, the current from the output inductor is selected.
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2. Inner Loop Design

2. Define the converter
Complete the parameters of the plant, and click OK to continue.
Buck (LCS_VMCQ)
vigy | B
RL{Ohms) ’71”

LiH) 100u
Re(Ohims) 0m

Steady-state de operating point e
C(P) !

Conduction mode ’W

Duty cycle ’W

Leaey | B rommg [ 3

Lmaxyy | 5378 [
Lmingy | %65
bevow | 5

Vo (V) ’715 Few(Hz) ’W

Setdefaults Update read only boxes Help Cancel ‘ [8]:8 |

Double Loop Control Design Tutorial V2.0 - April 2016 www.powersmartcontrol.com


file:///D:/Avantronic/SmartCtrl/InfoSmartCtrl/Tutorials/20121017%20Tutorials/T1%20Buck%20converter/www.powersmartctrl.com

sMmort
il

3. Select the current sensor

Double Loop Control Design

Once the plant is selected, depending on the variable being controlled, SmartCtrl

will display the appropriate sensor selection.

DC-DC converter, average current control data input

Plant |BUCK (LCS_VHMC) |

WF%C o

Inner loop sensor QOuter loop sensor

- Mo sensar

Inadzd

Hall effect sensor

Inner loop compensatar

QOuter loop compensatar

=]

—

=]

—

Frequency range(Hz)
min miax
| 1 | 399000

Solmap (inner loop)

Phase marg.
0 0

Cross freq.

Solmap (outer loop)

Crogs freg. Phase marg.

0 | 0

Help
Cancel | oK |

|

In this example, select Current Sensor, and specify the sensor gain, as shown

below. Click OK to continue.

Current sensor

|

Hi(s)

|

Set defaults

Double Loop Control Design Tutorial V2.0 - April 2016

Gin (v/A) 1

Help Cancel | k.
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4. Select the current regulator

Select the current regulator type from the inner loop regulator drop-down menu
as shown below.

DC-DC converter, average current control data input “

Plant  |[Buck (LCS_VMC) -] Frequency range(Hz)

min max

R ‘ 1 395000

in
f L +Vo
) Re R
Vin c
— Sol.map (inner loog)

Inner loop sensor

Current sensar -

Quter loop sensor

Cross freq. Phase marg.

1] 1]

Sol.map (outer loop)

Inner loop compensatar Quter loop compensator

Mo compensa-
tor loaded Cross fred. Phase rnarg.

L | i | i

Help
‘ | J Cancal | oK

The type of regulator depends on the plant controlled. In this example, the proper
choice is a Type 2 regulator. Select the Type 2 regulator, and enter the parameters
as shown below.

In the dialog window, R11 is the resistance of the resistor R11i in the regulator.
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Type 2

Ril1(ohms) 10K
Vp(v) 30

v Ramp
ve WiY) 10
Vv : H ' tt(s) gu

[ rew
Fawi{Hz) 100k

Tswi(s)

Set defaults Help | Cancel | (8] |

5. Select the crossover frequency and the phase margin of the inner loop

SmartCtrl provides a guideline and an easy way of selecting the crossover
frequency and the phase margin through the Solution Map. Click on the Set
button, and the Solution Map will be shown as below.
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DC-DC converter, average current control data input

Flant |BUCk

(LCS_VMC)

=

Inner loop sensor

Inner loop compensator

Type 2 ﬂ

Current sensar ﬂ Iﬂtﬂ

Outer loop sensor

=

COuter loop compensatar

=]

—

[ Solution map (inner loop)...

)

Double Loop Control Design

Freguency range(Hz)
min miEx

| 1 | 993000

Sol.map (inner loop)

Cross freq. Fhase marg.
] i

Sal.map (outer loop)

Cross freq. Phase marg.
0 | 0

Help
| ﬁ Cancel | (8] |

Cross frequency and Phase margin input

Phaze margin vs Cross frequency

250

200

150

Phase margin

100

50

Faw=100 k

Phibdmin=0
0y 10 100

Tk

10k 100k

Cross frequency(Hz)

1M

It's highly recommended to click on the
unshadowed fwhite) region for selecting an
appropriate (Cross frequency. Phase
margin) couple of values.

Take care also of attenuation (|K[s1*R(s)| at
Fsw) and Phase margin edit boxes, when
their backgrounds are red painted!

Cross frequency Fhase margin
|4 k ED

|K(sP*Ris)| at Faw
|—33.424a

Cancel | 8] |

The x-axis of the Solution Map is the crossover frequency and the y-axis is the

phase margin. Based on the converter parameters and the type of regulator

selected, SmartCtrl will generate a safe esign area as shown in the white area in
the Solution Map. Any selection of the crossover frequency and the phase margin

that is within this white area will lead to a stable solution.

Double Loop Control Design Tutorial V2.0 - April 2016
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One can select the desired crossover frequency and the phase margin by entering
the values in the edit boxes, and click on the Update button, or left click directly on
the Solution Map. The selected design appears as a red point in the Solution Map.

Given a particular design, the attenuation given by the sensor and the regulator at
the switching frequency is calculated and displayed in the edit box |K(s)*R(s)| at
Fsw. Note that if there is not enough attenuation at the switching frequency, the
system will likely oscillate in the high frequency region.

Also, if a design is not proper, the edit boxes will be change to the red color,
warning users to re-select the design.

To select the crossover frequency and the phase margin, in general, a crossover
frequency of 1/10 of the switching frequency and a phase margin of 45 to 60 deg.
are a good initial guess for the design. In this example, we set the crossover
frequency at 4 kHz and the phase margin at 50 deg, and the design is well within
the white safe design area. Click OK to continue.

-10 -
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The solutions map will be shown on the right side of the input data window, as
shown below.

DC-DC converter, average current control data input

[Buck (LCS_vMC) ~| Frequency range(Hz)
rin rriax

| 1 939000

KSDI.map {innerloop) \

Plant

Inner loop sensor | Outer loop sensor
Current sensor v \j‘s} w | Mosensor Cross freq. Phase marg.

loaced

I \| 4k 50/

Sol.map (outer loop)

Inner loop compensator Outer loop compensator

Type 2 ﬂ J

—

Cross freq. Phase marg.
D | D

Help
Solution map {inner loop)... ‘ ‘ » Cancel ‘ OK |

Click OK to complete the design of the inner current loop. One can move on to the
outer voltage loop design.

-11 -
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3. Outer Loop Design

The procedure of designing the outer loop is similar to that of the inner loop, as
described below.

6. Select the voltage sensor

Choose the voltage sensor type from the outer loop sensor drop-down menu. In

this example, the Voltage divider type is selected, as shown below.

DC-DC converter, average current control data input

Plant |Buck (LCS_VMC) ~| Frequency range(Hz)

min mia

, RL | 1 | 399000

F. (-\ L + Vo
i Re R
\l’ln[ CT
- Sol.mag (inner loop)

L ﬂL

Inner loop sensor Outer loop sensar

Current sensor ﬂ M(ﬂ ﬂ Mo sensar Cross freg. Phase marg.

Yoltage divider Ioaded | 4k | 50

Ermbedded ¥ .div.

Sol.map (outer loop)

Inner loop compensator CQuter loop compensatar

Type 2 ﬂ J

—

Cross freq. Fhase marg.
0 | 0

Help
Solution map (inner loop)... | » Cancel | oK |

-12 -
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For a voltage divider, one must enter the reference voltage. SmartCtrl will
automatically calculate the sensor gain. In this example, the reference voltage is
set at 2.5V. The sensor input data window is the following:

Voltage divider

Vo Rai Gain | 166.667 m | Calculate Gain=refvo fram Vref

o O
Vrefv) 25

Wref

Set defaults Help ‘ Cancel | [0]:4

Note that the design will be carried out using this gain, and the resistor values to
implement the voltage divider will be provided by the program together with the
regulator component values.

-13-
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7. Select the outer loop regulator

Select the regulator type from the outer loop regulator drop-down menu as shown
below. In this example, a Pl regulator will be selected.

DC-DC converter, average current control data input

|Eluck (LCS_WMC) ﬂ Frequency range(Hz)
min max

RL | 1 993000

Fi (-\ v + VYo
Re R
Vin[ % c
T Salmag (inner loogp)

Flant

/—\‘l
Inner loop sensar | Outer loop sensor VD"Ra
Current sensor ~| b(ﬂ ‘altage divider | et Crass freq. Phase mard.
_DRh 4k | 50
Sol.map (outer loop)

Innerloop compensator Cuter loop compensatar
Type 2 =l I =

Type 2

Type 3

Mo compensa-
A Cross freq. Phase marg.

] | 0

Help
Solution magp (inner laop)... | » Cancel | DK |

-14 -
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Complete the parameters in the dialog window:

r2 C2

Vref

Ri1

Set defaults

Double Loop Control Design Tutorial V2.0 - April 2016

Pl

R11{ohms)

-15 -

10K
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Help

Cancel | Ok |
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8. Select the crossover frequency and the phase margin of the outer loop

Similar to the inner loop design, SmartCtrl provides a Solution Map to help users
select the crossover frequency and the phase margin for the outer loop.

To carry out the selection, just click on the Solution map (outer loop) button.
Then select a point within the white area with a left mouse click. Alternatively, one
can enter the crossover frequency and phase margin values in the edit boxes. In
this example, the crossover frequency is selected at 750 Hz and the phase margin
is selected at 75 deg.

DC-DC converter, average current control data input

Plant Uk (LCS_YMC) | Frequency range(Hz)
rmin max
h R X tve | 1 999000

. Rc R
Uln[ CT
- Sol.map (innet loop)
Inner loop sensor | Outer loop sensar Vo

4k 50

Current sensar ﬂ \j‘ﬂ “altage divider ﬂ \,-'ref._ﬂ Cross freq. Phase marg.
Rh

Sol.map (outerloop)

Inner loop compensator Outer loop compensator

Type 2 | Pl |

—

p2 C2

l—|=|-| a1 Craoss freq. Phase marg.
g | 0| 0

| yref
Help
Solution map (inner loop)... ‘ [ Solution map (outer loop)... ‘ } Cancel ‘ 0K |
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Cross frequency and Phase margin input

Double Loop Control Design

Phasze margin vz Cross frequency

200

FPhase margin

Fhbdriin=0

fi=4 K

Faw=100 k.

Ui 10 100

Tk 10k

Crozz frequency[Hz]

100 k

1M

It's highly recommended to click on the
unshadowed (white) region for selacting an
appropriate (Cross frequency.Fhase
margin) couple of values.

Take care also of attenuation (|K{s)*F(s)| at

Faw) and Phase margin editboxes, when
their backgrounds are red painted!

Cross frequency Fhase margin

|?50 |?5

|k Rls)| at Faw

-14.2107 Update

Cancel ‘

Now click OK to confirm the design, and the program will automatically show the

performance of the system in terms of the frequency response, polar plot,

transient response, etc.

DC-DC converter, average current control data input

Plant

|Buck (LCS_vMC)

=

Inner loop sensar |

Current sensor ﬂ \f‘ﬂ

Innerloop compensator

Type 2 ﬂ

QOuter loop sensor

W0

“oltage divider ﬂ wref

QOuter loop compensator

[P

po €2

R11

Solution map (inner loop)...

| vref

=

—

Solution mayp (outer laop)...

Double Loop Control Design Tutorial V2.0 - April 2016

Frequency range(Hz)
min max
1 933000

Sol.map (innerloop)

%\,

Cross freq. Fhase marg.
4k 50

Sol.map (outer loop)

;

Cross freq. Phase marg.
| 750 | 75

Help
ﬂ Cancel ‘ Ok |
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Additionally, by selecting Data -> Parameter sweep -> Input parameters or
Regulator components in SmartCtrl, one can perform sensitivity analysis.

SmartCtrl provides the regulator components values needed to implement the
regulator, as well as the voltage divider resistors. Since there are two control loops,
users must select which one to display.

SmartCtrl - Tutorial_2_Double_control_loop_design.tro - B8 Method
File Design Options View Toc use Window Help P tuning |
DheEFs BB = 1% ¥ 3B L I v 2
S ¥ el e @ b s
Tutorial_2_Double_control_loop_design.tro ==l P9 =
Inducior vallage v3 time: o)
T.CL (4B} vs Frequency Ml Tided] =5
Display ifiner or s S
10l e | —
d outer logp results R |k 2
/ \ - |
_ B Ty [F150
8 e ) 7 "
d i -~
- =l 25
Atenustion fsw) (dB)
Hu ETRN Wy W | [z
50 . Ot e v e
801 N\ PAR /" N\ /’\ /
1 NSNS \\ j_," LY /‘
1459 LR AL y A\ LS J
" 10 10 (3 0k 00K ™ 4“?;* T4 v 5*.# v W D
Frocuner) Wa ETRNT rm e [v] (v | _ea
. CL deg)ve ousecy . Vo efarence sep (smal signal, 011 e |
o 28
e Solution map control
P
' 3
’ - g " Phose magn i L eency
= 15
sl )
7 _ 0 Wa o 5
2 B o | Tiveiec) || & 10g
- i g g
100] 50|
o7 \
oo | T
150} E 05 Croas frequencyfHz]
e 025
=0 10 0 Tk 0k 00K ™ LT ECp Tm Tom Zm Z5m Im
FroquensHi] Tinets) ] R o u  Innlocp
- Display inner &r ™ wf [
Ready felHz) =4k PAM(’) = 50 AT(B) =
outer loop solutions
man
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4. Validation

9. Validate the regulator design

After the design is completed, SmartCtrl provides the component values for the
sensors and regulators. One can perform a time-domain transient simulation in

PSIM to validate the design.

In this example, two validations are carried out, as described below.

Validation 1. Closed loop frequency response of the inner control loop

The closed loop transfer function of the inner loop from SmartCtrl will be compared to that obtained from the
PSIM ac analysis.

The PSIM schematic and the ac sweep results are shown below.

sweer | AC sweep

R i . o
Q% EFOMA N I ¥
- ful
L

AC voltmeter

f disp
19.24n
-

-19 -
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L] Simview - [double loop_ inner closed loop.smy]
EFHE Edt Awis Screen Measure Analysis Wiew Options Labsl Window Help E

EE&B- 2ER xY FELALHED T A
amp(\Vo9) ]

25.00
20.00
15.00
10.00
5.00
0.0
-5.00
-10.00

|

phase(\Vo9)

100.00

50.00

0.0

-50.00

-100.00

-150.00

0.10 1.00 10.00 100.00
Frequency (KHz)

|

Ready

The frequency response can be easily compared to that obtained in SmartCtrl
through the merge function in SmartCtrl. To do that, the PSIM ac sweep result
must be saved as “tab separated text file (Excel compatible)”. In this example, the
PSIM ac sweep results are saved to a file called “inner closed loop.txt”.

-20 -
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L] Simview - [double loop_ inner closed loop.smy]
EFHE Edt Awis Screen Measure Analysis Wiew Options Labsl Window Help E

EE&B- 2ER xY FELALHED T A
amp(\Vo9) ]

25.00
20.00
15.00
10.00
5.00
0.0
-5.00
-10.00

|

phase(\Vo9)

100.00

50.00

0.0

-50.00

-100.00

-150.00

0.10 1.00 10.00 100.00
Frequency (KHz)

|

Ready

The frequency response can be easily compared to that obtained in SmartCtrl
through the merge function in SmartCtrl. To do that, the PSIM ac sweep result
must be saved as “tab separated text file (Excel compatible)”. In this example, the
PSIM ac sweep results are saved to a file called “inner closed loop.txt”.

-21 -
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control design for power electronics

Then follow the step as shown in the figure below.

File| Design Options View Tools Warehouse Window Help
New Y
New and initial dialog

Open.. ctri+0
Open sample designs.

Open default

Close

Save Cties
Save As.

Open tt files..

Import (merge)... CrieM
Export ’

Generate report *

Pri :

o Functions to be merged ﬂ
i

Pri Functons

Type | Comment [Pom

Function type Load function fram
<k “vofile Textfie
K
ﬁle
| i D LoadWle containing function to be compared... [ x|
— RO C Rl
C KR [# [ Freqria 1 [l Escritorio ¢ v (&  Buscar en Escritorio P
C T C T Organizar * Nueva carpeta - O @
& o C cLa) ~ - ~
( Favoritos
© Generic Ja Descargas & Red
Function calor Comment b e
Solect Comment | 25 Sitios recientes sesss= inner_closed loop.txt
A=| Documento de texto
M Fold
O mysyncfolder | = 4ok v
Help
Nombre: |inner_closed_loop.txt | TxtDatPSIM files (*xt, *da’ ¥
Cencel

Abrir Cancelar
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Once the file containing the frequency response is selected, click OK to close the

“Add function” window, and click the Apply button to plot the frequency response.
This will close all the windows and the comparison will be shown in the Bode plots

panel, as shown below.

- SmartCtrl - Control2.tro
Elle Data View Window Help

DS BB

E3 Control2.tro

CL (dB) vs frequency

CL(dB)

10| == PSIM
—— SmartCtrl
20
-30
1 10 100 1K 10K 100K 1M
Frequency(Hz)
CL (phase) vs frequency
100|
1]
g
o
100,
2L AL
-200|
1 10 100 1K 10K 100K 1M

Frequency(Hz)

The green line corresponds to the results from PSIM ac analysis, and the red one is

obtained by SmartCtrl. It can be seen that these two results compare well,

especially in the low-frequency region.
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Validation 2. Double loop simulation

The second validation is the simulation of the complete system in PSIM with both
the inner loop regulator and the outer loop regulator from the SmartCtrl design.
The inner and outer loop results are included below.

Inner loop results:

** SmartCirl - Control2.tro

e dBREEHsOOTO
[ control2.tre X R
CL168) s heuency 1T1v2 Tiphse) }
Ly INPUT DATA
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Outer loop results:

*-"SmariCirl - Control2.tro
Fle Data View Widow Heb
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The PSIM schematic, with the sensor and the regulator component values from

SmartCtrl, are shown below.
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To check the control loop performance, a load step change of 100% is applied. The
PSIM simulation waveforms below show that the control loop responds well to the
change, validating the SmartCtrl design.

— Simview - [double loop.smv]
B Fie cot s Semn Messwe Anshuis Vew Opties Lebel Wndow Heb s x

@B SEs xY EE PR D T m A
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0.0 L
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FWN AR o m | -
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The example illustrates that SmartCtrl in combination with PSIM provide a fast and
powerful platform for the design and validation of power converter control.
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