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1. Introduction

SmartCtrl is a general-purpose compensator design software which is specifically
conceived 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 loop with the help of SmartCtrl
software.

The converter in this example is a buck converter with inner current loop and outer
voltage loop, as shown inError! Reference source not found..

The objective is to design the current and voltage regulators, as highlighted in the
red boxes.

Specifications:

Input voltage: 30 v
Output voltage: 15 \Y
Reference voltage: 2.5 V

Output inductance: 100 uH
Output capacitance: 470 uF

o v A WwWwN =

Switching frequency: 100 kHz
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Figure 1: Required system
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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 52
Or from the Design menu, choose Predefined topologies -> DC/DC converters
-> Average Current Control. See Figure 2.

E SmartCtrl - Controll

File =Design Options View Tools Warehouse Window Help

0O Predefined topologies > Complete design... = OMmTOE e o
Generic topology > DC-DC converters > Single loop...
T Generic control system... AC-DC converters > Peak Current Mode Control
Modify data.. Ctrl+D Average current control...
Modify data (1)... Ctrl+M

Digital control
Parametric sweep >

Reset all...

Figure 2: Access the wizard of a double loop design

From the dialog window, select the Plant drop-down menu and choose Buck
(LCS-VMC), as shown in Figure 3.

DC-DC converter, average current control data input *

Plant | | Frequency range(Hz)
min max

ocst (LLS VM 1 533000
Forward (LCS_WMC)] Sol.map (inner loop)

Inner loop sensar Outer loop sensar
Cross freq. FPhaze marg.
1] 0
Sol.map [outer loop)
Inner loop compensator Outer loop compensator

Crozs freq. Phasze marg.

- o] ¢

Help
ﬂ LCancel | ok |

Figure 3: Selecting the plant topology

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 (VMC),
while the inner loop is current control (LCS). 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

1. Define the converter

Double Loop Control Design

Complete the parameters of the plant, and click OK to continue. See figure Figure

4.

Buck (LC5_VMC)

Steady-state do operating point

Conduction mode Continious
Dty cycle 500m

IL avg (4] 5
IL mas [4] 5.375
IL i (4] 4623

lo avg &) 5
15

Vo [v]

Win(v] 0
RL{Ohms] Tn
LH) 100y
Fic(Ohms) 50 m
CiF) 470y
R(Ohms] 3
Polw] A
FowHz | 100K

Set defaults

Update read only boxes

Help

LCancel

Figure 4: Parameters of the plant

2. Select the current sensor

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

will display the appropriate sensor selection. See Figure 5.

Double Loop Control Design Tutorial V3.0 - December

www.powersmartcontrol.com


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

smoart

CIrl Double Loop Control Design
DC-DC converter, average current control data input *
Plant |Buck [LCS_WMC) ﬂ Frequency rfange[Hz]
it max

1 933000

Sol.map [inner loop)

Inner loop sensor Outer loop senzor
|| 1o ccmsm Cross freq. Phaze marg.
Cuire 0 loacied 0 0
Sol.map [outer loop)
Inner loop compensator Outer loop compensator
Cross freq. Phaze marg.
1} 1}

Help
| | ﬂ LCancel | oK |

Figure 5: Choose a current sensor

In this example, select Current Sensor, and specify the sensor gain, as shown in
Figure 6. Click OK to continue.

Current sensor bt

Gain V4]

Hiis)

Set defaults Help Lancel | ok |

Figure 6: Current sensor definition

3. Select the current regulator

Select the current regulator type from the inner loop regulator drop-down menu
as shown below.
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DC-DC converter, average current control data input

Plant |Buck [LES_¥MC)

i

Inner loop genzor
Current sensor -
Hi(=)

Inner loop compensatar

I

Type 2

Type 3

Pl

Equation

tor loaded

Outer loop gensor

T

Outer loop compenzator

I

Frequency range(Hz]
ity mak
| 1] 933000

Sol.map [inner loop)

Cross freq. Fhasze marg.
| o 0

Sol.map [outer loop]

Cross freq. FPhase marg.
0| i

Help
| ﬂ LCancel | ju] 8 |

Figure 7: Selecting a Type 2 controller

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 see Figure 7, and enter the

parameters as shown in Figure 8.

Type 2

Set defaults

R11(ohms] 10K

V(] 30
Yu[v) 10
tr(z) 8u

FawlHz) 100k
Tawis) 10u

Help | Qancel| ar |

Figure 8: Type 2 inner current loop configuration

4. Select the crossover frequency and the phase margin of the inner loop
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-9.-

www.powersmartcontrol.com


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

E sMmart
— Double Loop Control Design

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 appear as shown in Figure 9.

DC-DC converter, average current control data input X

Plant |Buck [LES_WMLC) j Frequency range{Hz)
mir ma

1 333000

Sol.map (inner loop)]

Inner loop sensor Outer loop sensor

Current sensor - Crozs freq. FPhasze marg.

Hi(s) ,—D ’70

Sol.map [outer loop)
Inner loop compensator Outer loop compensator
Type 2 - L

Cross freq. Fhase marg.

3] o

Help
I Solution map (inner loop)... | I | ﬂ LCancel | Ok |

Figure 9: Access to the inner loop solution map

Based on the converter parameters and the type of regulator selected, SmartCtrl
will generate a safe design area shown as a white area. Any selection of the
crossover frequency and the phase margin that is within this white area will lead to
a stable solution.

Note that the x-axis of the Solution Map is the crossover frequency and the y-axis is
the phase margin. See Figure 10.

Cross frequency and Phase margin input x

Phaze margin v Cross frequency

250 It's highly recommended to click on the
unshadowed [white] region for selecting
an appropriate [Cross frequency,Phase
margin] couple of values.

200 .

Take care also of atenuation [K[=R(=)
at Faw) and Phase margin edit boxes,
when their backgrounds are red painted!
< 180
=
2 Cross frequency Phase margin
L
i |4k 50
o100
Il RIs] at Faw
|-33.4248
50
LPHmin=0 L Faw=100 k Help
1 10 100 1k 10k 100k 1M
LCancel | QK. |

Crosgs frequency(Hz)

Figure 10: solution map for the inner loop
-10 -
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The desired crossover frequency and phase margin can be selected either by
entering the corresponding values in the edit boxes and clicking the Update button,
or by left-clicking directly on the Solution Map. The selected design is then shown as
a red point on 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 the following rule of thumb
can be followed:

a) Choose a crossover frequency of 1/10 of the switching frequency.
b) Choose a phase margin of 45 to 60 deg.

In this design the crossover frequency has been set at 4 kHz and, the phase margin,
at 50 degrees

As it can be seen in Figure 10, the design is intended to work in the white area.
Click OK to continue.

The solutions map will be shown on the right side of the input data window, as
shown in Figure 11.

-11 -
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DC-DC converter, average current control data input X

Plant |Busk [LCS_VMC) - ~ Frequency range{Hz)

min max

2 RL o 1 I 933000

t
) Re R
vin c ~ Sol.map [inner laop)

Inner loop sensor Outer loop sensar
ICurlenl sensor vl Hite) I vl (1 SRy Cross freq. Phaze marg.

loaded 4k 50

~ Sol.map [outer laop)]
Inher loop compensator Outer loop compensatar
IType 2 hd I I i I

o compensa- Cross freq. Phage marg.

tor loaded I—U I—U
Help |

| Solution map [inher loap)... i Solution map [outer laop... | 13 | LCancel | 0K |

Figure 11: inner current loop fully defined

When selected the point in the solution map, SmartCtrl will automatically made all
the inner loop calculations. The result of these calculations can be seen in Figure 12.

a
Fie Design Options View Tools Werchouse Window Help
O > cOh00@ann < 1 ¥-211 2 0DTMHE®
D i o 1 | f dn | B & " : e e o
i e lEl=]
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R
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Figure 12: SmartCtrl inner loop information

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

-12 -
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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.

1. 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 in Figure 13.

DC-DC converter, average current control data input

Plant | Busk [LES_wMC)

11

Inner loop zensor |

Current sengar -

Inner loop compengator

Type 2 -

Outer loop senzar

I

Woltage divider

Embedded . div.

Outer loop compensator

e

Mo sensor
loaded

Solution map [inner loop)... |

| ﬂ Lancel | aK |

*

Frequency range[Hz]
mir mnax
| 1 | 533000

Sol.map [inner loop)

=

Crozs freq. Phaze marg.
| 4k | 50

Sol.map [outer loop]

Cross freq. Phaze marg.
i | 0

Help

Figure 13: Outer loop sensor list

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 shown in Figure 14.

Double Loop Control Design Tutorial V3.0 - December
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Valtage divider x

Yo llna; Gain | 166667 m | Cloulate GaneVief Vo fiom Vel |

" D vn[ 8
Wref[v) 25

Sel defauits Hep | Cweel | ok |

Figure 14: Outer sensor definition

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

2. Select the outer loop regulator

Select the regulator type from the outer loop regulator drop-down menu as
shown in Figure 15. In this example, a Pl regulator will be selected and
parametrized according to Figure 16.

DC-DC converter, average current control data input x
Flari | Buck [LC5_MC] ~| Frequency range(Hz]
min max
1 333000
Salmap (inner loop)
/'\ll
)

M| [ = =

Sol.map [outer loop]

Inner loop sensor Outer loop senzor o nRa
Current sensor - Waltage divider - Cross freq, Phaze marg.
Hi(s) ref

Inmer loop compensatar Outer loop compensator
Tupe 2 - -
Type 2
Type 3
Pl
a. Cross freq, Phase marg.
tor loaded o 1]
Help
Salution map [inner loop) | | » LCancel | Ok |

Figure 15: list of available outer loop compensators

Complete the parameters in the dialog window as shown in Figure 16:

-14 -
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Pl *
R2 G2 Fit1(ohms) T
R11
Vref
Set defaults Help | LCancel | Ok |

Figure 16: outer compensator parametrization

Notice that, as the outer loop compensator has no modulator associated,
parameters like Vp, Vv or tr are not required.

3. Select the crossover frequency and the phase margin of the outer loop. Again,
SmartCtrl provides a Solution Map to help users select the crossover frequency
and the phase margin for the outer loop.

To make the selection, just click on the Solution map (outer loop) button. See
Figure 17. 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. See Figure 18.

-15-
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DC-DC converter, average current control data input x
Plant |Buck [LCS_WML) j Flequencyn:;nge[Hz] L
h RL wr lﬂm | 1| 939000
) ﬁnc R
“m[ C T Sol. map [inner loop)
- /_.Illl
e
|

Inner loop sensor | Quter loop zenzor Yo
Current gengar - Yoltage divider - Crozs freq. Phase marg.

Hits) wret _DR" | sk | 50

— Sol map [outer loop)

Inner loop compenzator Quter loop compensator

Type 2 - Pl -

p2 G2 Cross freq. Phaze marg.

R i | 0

Help
Salution map (inner loop)... | Solutioh map [outer loop)... | » Lancel | ar |

Figure 17: Select the outer loop solution map

Cross frequency and Phase margin input *

Phase margin ws Cross frequency
200 H Feind b It's highly recommended to click on the
g unshadowed [white] region for selecting
| : an appropriate [Cross frequency, Phaze

\ margin] couple of values.
Take care also of attenuation (K[=]R(s)l

at Faw) and Phaze margin edit boxes,
when their backgrounds are red painted!

Cross frequency Phase margin
|70 |75

Phaze margin

[K.[=]*Ri[=]l at Faw

142107 Update

[Prtimin=D i Faw=100kK Help

1 10 100 I1k 10k 100 k TH

Cross frequency[Hz)

Lancel |

Figure 18: outer loop solution map

4. Click OK to confirm the design and Figure 19 will be shown.
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DC-DC converter, average current control data input >

Flart |Euc:k [LCS_WHC] ﬂ Frequency range(Hz)
ik ma
1 333000

o R vo | |
L
) Re R
“m[ C T H‘ Sol.map [inner loop)

%

Inner loop sensor | Outer loop zensor Wi "Ra
Current sensar ﬂ |R-"|:|Itage divider ﬂ Crozs freq. Phasze marg.
Hi(s) vref | ik | 50
Rh
— — Sol.map [outer loop)
Inner loop compenzator Outer loop compensator
Type 2 ﬂ ﬂ
Cc3i =

Rz G2 Crozs freq. Phaze marg.

ﬁ R11 | 750 | 75

Help
Solution map [inher loop)... Solution rmap [outer loop)... | [ 2 LCancel | ok |

Figure 19:Double loop buck controller fully defined

5. Click OK again and the program will automatically show the performance of the
system in terms of the frequency response, polar plot, transient response, etc.

By default, SmartCtrl will show the outer loop results. To change to inner loop
results just click the button inner/outer loop in the top bar. See Figure 20.

To change the solution map from outer loop to inner loop, just click on the
option below it. See Figure 20.

Additionally, by selecting Design -> Parameter sweep -> Input parameters or
Compensator components in SmartCtrl, sensitivity analysis can be performed.
See Figure 21 and Figure 22.
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Figure 20: SmartCtrl double loop solution window
E SmartCtrl - Controll.tro
File Design Options View Tools Warehouse Window Help
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Digital factors
50 " £

T

S~

Figure 21: Accessing the parameter sweep capability

Source code variables

Parameter sweep capability is quite interesting as it allows to check how a
modification in each parameters affect the loop result. Inner and outer loop
parameters can be sweep in a visual easy way. See Figure 22. It needs the
definition of the upper and lower boundaries.

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.
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Figure 22: Outer loop general data parameters sweep
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4. Validation

1. Validate the regulator design

After the design is completed, SmartCtrl provides everything required to
perform a simulation in PSIM so the design can be validated. To do this, click on
the button highlighted in Figure 23.

42 =) & OM= M1\

8 | & | | {Exportto PSIM (schematic)fo

Figure 23: Exporting to Psim SmartCtrl button.

Window of Figure 24 gives further exporting possibilities, in this tutorial, no
changes have been done in this window.

Exporting options o

Regulator exporting way

+ Cormponents [F1, C1,... are givenk

" & domain coefficients

~

¥ Power stage and sensors

[+ |nitial conditions

[ Show files to be exparted

Help LCancel | oK |

Figure 24: Exporting to Psim options

The system of Figure 25 is the one which is created by SmartCtrl in Psim, if
simulation is launched, the results of Figure 26 are obtained.

This results are, by default, the current thought the inductor and the output
voltage as those are the controlled magnitudes.

It can be seen how the output voltage is 15V, the very same that was specified in
SmartCtrl at the beginning of the tutorial.
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Figure 25: Psim schematic generated by SmartCtrl
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Figure 26: Result of Psim simulation

2. This result present a time domain check, but this check can be done in terms of a
frequency analysis. To do that, only minor modifications of the schematics are
required. See Figure 26.
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In figure 26 the inner current loop has been measured whose result can be seen
in Figure 27. Click file -> save as -> T2_Psim_Double_control_loop_design.txt

Buck {L-current sensed), Double loop.

RL L

Modifiad PI (Typa-2) contesllar

34
L2E

Figure 26: Ac seep analysis schematic

B Fle Edit View Ads Screen Measure Analysis Lobel Options Setfings Window Help

FSE- S@d%h B XY Bl ,RoRTT O med A BT,

amp(Vo1) .

phase(Vo1) .

10 100 1000 10000 100000
Frequency (Hz)

125 ampvon) vl | PR] AAMA Tesw mdm [P S
Ready

Figure 27: inner current loop measured in Psim (inner current close loop transfer function)

The transfer function seen in Psim is quite similar to the one calculated by
SmartCtrl. But can both traces be plotted together? Yes!
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3. To do this, configure SmartCtrl as in Figure 28 so the closed loop transfer function
of the inner loop is shown.
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Figure 28: SmartCtrl with inner current close loop transfer function plotted

4. Use the menu File -> Transfer function -> inner loop -> CL(f) Reference to
output. See Figure 29. And configure the outputs according Figure 30.
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Figure 29: Exporting inner current close loop transfer function plotted
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Figure 30: Transfer function exporting options

5. Close SmartCtrl project and open a new SmartCtrl design selecting s-domain
model editor option in voltage mode. See Figure 31 and Figure 32.

SmartCtrl x

1~ Design a predefined topology Opena..
J — | DC-DC power stage and ﬁ deink fie
M| control cicut design
Ij DC-DC converter - Sngle loop ﬁD recently saved fe...
Voltage Mode Control or ACMC
ﬂ DC-DC converter éD previously saved ile...
Peak cunent mode contial
||ﬂ DC-DC converter | (E sample dasign..
Average Curent Mode Caontrol
PFC Boust converter

1~ Design a generic topolagy Diesign a generic control system

| s-domain model editor |EE Equation editor

Impoit frequency esponse data
from bit file

Help Close

Figure 31: s-domain model editor

Design a generic topology X
Define the plant as:

[ s-domain model (equation editor)

" Yoltage mode controliedt

™ current mode controlled
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£~ Voltage mode controlled

 Current mode controlled

Help | Cancel | oK I

Figure 32: s-domain model editor options
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6. The window of Figure 33 will appear. Use the Add external function button to add

the Psim frequency response (file T2_Psim_Double_control_loop_design.txt) and

the exported SmartCtrl.

Plant (equation editor) X

s-domain model Open... Save Save as... { Add external function... |

Fie

Parametric sweep
Select parameter
Setdefouts | Edtor... | comple | cooy |
" One frequency @ Bodeplot  Export transfer function(s)...
Initial frequency (Hz)  End frequency (H2) Vo(V) Fsw
10 | 10M ] 33 100K Set defaults (al)
Edit external functions
veo | cancel | o |

Figure 33: Adding external transfer functions in SmartCtrl

7. When done both transfer functions (the calculated by SmartCtrl [red] and the

simulated in Psim [blue]) can be compared. See Figure 34.
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Fie . N
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1]
=y \
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-\
-100) —
Set defaults Editor... | Compile I Copy |
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Help cancel | ok |

Figure 34: Transfer function comparison

-25-

Double Loop Control Design Tutorial V3.0 - December

WWW.powersmartcontroI.com


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

smoart

cirl Double Loop Control Design

As it can be seen in Figure 34, SmartCtrl solution is completely correct and
accurate.
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