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Design of control loops for a Permanent
Magnet Synchronous Machine

1. Introduction

Motor control is essential in a wide variety of applications, covering sectors such as
automotive, industrial, aerospace, and renewable energy, among many others.

In general, the structure of this type of control is based on a double-loop scheme in
the dq reference frame: the inner loop regulates the current or torque, while the
outer loop controls the speed.

This tutorial is intended to guide you step by step, to design the outer and inner
control loop in dqg axis of a Three Phase Inverter that feeds a Permanent Magnet
Synchronous Machine.

Figure 1 shows the power stage of the converter.
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Figure 1: Power Stage

The SmartCtrl equation editor will be used to tune the PI controllers of the control
loops. For this purpose, the dg model of the Permanent Magnet Synchronous
Machine shown in Figure 2 will be used.
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Figure 2: DQ model of the Permanent Magnet Synchronous Machine

-3-

Design of control loops for a Permanent Magnet Synchronous Machine Tutorial - October 2026 www.powersmartcontrol.com


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

ézr:nc‘:ri'

Design of control loops for a Permanent
Magnet Synchronous Machine

The term w,, represents the mechanical speed of the rotor and the term w,
represents the electrical speed. The electrical speed, w,, can be estimated using the
expression shown in (1).

We == Wy (M

Where P represents the number of poles of the machine.

On the other hand, torque is defined by (2).

Tem =

P
= [(La = Lq) s~ isq + Apm * isq] (2)

N[ W

Where the term 4,,,, represents the back EMF constant. The terms i;q and iy, are the
stator currents. The terms L, and L, are the dq inductances.

The control structure is shown in Figure 3.
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Figure 3: Control structure of the Permanent Magnet Synchronous Machine

In this control strategy, the current reference for the d-axis is set to OA. This allows
the torque to depend solely on the current of the g-axis. See expression (3).

D+ isq 3)

The angle Theta used in Park transforms is estimated using the scheme shown in
Figure 4.
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Figure 4: Estimation of the angle theta

Magnet Synchronous Machine

In this tutorial, the modulation to be used is PWM, as shown in Figure 5.

Design of control loops for a Permanent Magnet Synchronous Machine Tutorial - October 2026
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Figure 5: Pulse Width Modulation (PWM)
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2. Current loop design

1. Open your SmartCtrl Software.

2. To begin the design, click on Equation editor. See Figure 6.

Initial dialog *
Design a predefined topology Opena..

DC-DC power stage and

—! .

J :4_—‘ L i default file
control circuit design

DC-DC converter - Single loop

zample design...
Yoltage Mode Contral or ACMC

DC-DC converter

previously zaved file...
Peak curent mode control

%l

DC-DC converter

Average Current Mode Control

PFC Boost converter

Three-Phase PFC Boost Converter

=R

Dresign a generic topology Design a generic control spstem

z-domain model editor E quation editor

Import frequency response data

fram tt file

™ Do not open anymare... [unless it is through menu item 'File/nitial dialog' or 'Launch initial dialog’ buttan)

Help | Cloze |

Figure 6: SmartCtrl initial window

3. The transfer function of the current plant is defined. See Figure 7.

Magritude [dB) vs frequency
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" One frequency + Bodeplot  Export ransfer function(s)... Y
Initial frequency (Hz)  End frequency (Hz) Controlled mag. | Fsw -60) \
[ 0 [ 10M | 3.3 20K
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10 100 Tk 0k 100k ™ 10M  100M
Frequency (Hz)
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Figure 7: Equation editor for current plant
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The current plant is defined by (5).

1

Gig=————
' Lg-s+Rs

Design of control loops for a Permanent
Magnet Synchronous Machine

(5)

The main parameters of the Permanent Magnet Synchronous Machine to be

used in this example are shown in Table 1.

Stator resistance (Ry) 0.76 Q
d-axis inductance (L;) 8 mH
g-axis inductance (L) 10 mH
Peak line-to-line back emf constant (V. /krpm) 92.86 V /krpm
Number of poles (P) 4
Moment of Inertia (J) 0.025 kg - m?
Table 1: Permanent Magnet Synchronous Machine parameters
Table 2 shows the parameters of the three-phase inverter.

DC voltage (Vp¢) 450V
Input resistance (R;) 10 mQ
Input capacitance (C;) 470 uF
Switching frequency 20 kHz

Table 2: Three-phase inverter parameters

After defining the plant and clicking compile, click OK.

4. The current sensing stage plant is defined as shown in Figure 8.

Sensor Equation editor

s-domain madel Open... Save Save as...
Fie |
//Current sensor plant Parametric sneep
Gain = 1
Fc = 1k
//Transfer Function w
We = 2+3.141592*Fc
Bi = Gain*We/ (stWc)
return Hi
setderasts | Edtor... || conole” Select parameters "

Export transfer function(s)...

Edt extemal finctons | Add externsl function... |

= (u] X
Magnitud (d8) vs frequency
10 100 Tk 0k 100k M 0M  100M
Frequency (Hz)
Phase 1 v frequency
10 100 1k 0k 100k ™ TOM  100M
Frequency (Hz)
Help Cancel oK

Figure 8: Equation editor for current sensor
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The current sensor plant is defined by (6).

H; = Gai We 6

The cutoff frequency of the low-pass filter is equal to 1kHz.
After defining the plant and clicking compile, click OK.

5. The Pl compensator is selected, as shown in Figure 9.

Equation, single loop data input. *
I Digital Plant Frequency range[Hz]
min ma
H 10 10000000
G (S) Solution map
Compensgatar | j Sensor
Type 2
Type 3
Com P: 2nale | Cross freq. Phaze marg.
Inad uation ( ) 0 il
Select one from the combo — K(s —
o above

Help
ﬁ Cancel

Figure 9: Compensator selection for current loop
The modulator gain is set to 1. See Figure 10.
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1
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Figure 10: Modulator gain
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In SmartCtrl, the modulator gain is calculated using expression (7)

G =;t_r 7)
mod [/p _I/v o

Where V, represents the peak value of the carrier signal, V, is the valley
value of the carrier signal, and t, is the rise time of the carrier signal.

6. Acrossover frequency and phase margin are selected from the solution map.
See Figure 11. In this example, an Fc of 300Hz and a PM of 60° are considered.

equency and Phase margin input

: Phase margin vs Cioss frequency
1 It highly recommended to click on the
unshadowed (white] region far selecting
an appropriate [Cross frequency Phase
margin] couple of values.

Take care slso of attenustion (K(sFR[s)
at Fsw) and Phase margin edit boxes,
10 when their backarounds are red painted!
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5| \ IK[=]Fils)l 2t Fsw
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Crass frequency(Hz) Cancel oK

Figure 11: Solution map of current loop

7. Finally, the Kp and Ti values of the Pl controller will be copied to PSIM
simulation. In this example, the value of Kp is equal to 18.966 and Ti is equal
to 1.896m.
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Figure 12: Pl parameters of the current loop
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3. Speed loop design

1. To design the speed loop, open a new project in SmartCtrl. To do this, go to

the initial dialog option in the File menu. See Figure 13.

&) SmartCtr - Controll
File Design View Teols Options Warehouse Window Help
New Ctrl+N
Initial dialog o=
Open... Ctrl+0
Open sample designs...
Open default
Close i
Save Ctrl+S
Save As...

Open b files...

Import (merge)... Ctrl+E
Export b

Generate report »

Print preview b
Print >
Printer Setup...

1 Source_converter_design.tro
2 C\Users\..\Buck_Load.tro —
3 Voltage_loop_design_inv.tro

4 Current_loop_design_inv.tro

5 PFC_control_design.tro

6 C:\Users\..\Voltage loop.tro
7 Balancing_control_design.tro
8 C:\Users\..\DAB_control.tro

9 Source_converter_design.tro
10 Source_converter_design.tro
Exit
[ . ' .

Figure 13: Access to the initial dialog

2. Select the equation editor option again. See Figure 6.

3. The speed plant is defined in the equation editor. See Figure 14.

| W7 Equation editor

//Cu ent plant
Gig = 1/(s*Lg + Rs)

//PI transfer fm:::'_:r.l
Ri = Kpi* (1l + s*Tii)/ (s*Tii)

2 ‘3 . 141554 FC
Gain*Wc/ (s+Wc)

losed loop of current plant

Gi_ cl = Gig*Ri/ (1 + Gig*Ri*Hi)

peed plan

Gspeed = Gi cl (1/ (s*Jeq))

return Gspeed

Figure 14: Speed plant transfer function
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As can be seen in Figure 14, the speed plant depends on the internal closed-
loop current.

Figure 15 shows the equivalent block diagram of the control structure.

Figure 15: Block diagram of the control structure

After defining the plant and clicking compile, click OK.

Magritude (dB) vs frequency

s-domain model Open... Save Save as... i}
- “\\__\\
//Speed plant Parametric sweep 50|
1g = 10m
Rs = 0.76
Jeq = 0.025 e
51
Epi = 18.9¢€6
Tii = 1.89%m =
//current plant 200
Giq = 1/(s*Lg + Rs)
//P1 tramnsfer function 250
Ri = Kpi*(l + s*Tii)/(s*Tii) 10 100 Tk 10k 100k ™ 10M  100M
Frequency [Hz)
//Current sensor plant Phase (%) vs frequency
Gain = 1 0
Fc = 1k A !
-100]
//Transfer Function
10 \
-120] \
Setdefauts | Edior... |  compie | Select parameters 130 \
Y |
(" One frequency (% Bodeplot  Export transfer function(s)... 150 [
-160| T
Initial frequency (Hz) End frequency (Hz) Controlled mag.  Fsw -170] LY
[ 10 | 10M | 3.3 20K -180 T
190!
10 100 Tk 10k 100k M 10M  100M
Frequency [Hz)
Edit extemal functions | Add external function... |
Help Cancel oK

Figure 16: Speed plant in equation editor

4. The speed sensing stage plant is defined as shown in Figure 17.

The speed sensor plant is defined by (8).

Hg, = Gai We 8
sp = Gain ST (8)

The cutoff frequency of the low-pass filter is equal to 1kHz.

After defining the plant and clicking compile, click OK.
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Sensor Equation editor - [m] X

sdomanmodel  Open... Save [E— Magnitude () vs hequency

Fils

=

//Speed sensor plant Parametric sweep
Gain = 1

Fc = 1k
//Transfer Function 1
We_sp = 2*3.1415924Fc

Hsp = Gain‘Wc_sp/ (s+Wc_sp)

return Hsp|

8 38 @ s @y 2

3
E

Tk 10k 100k ™ 10M  100M
Frequency Hz]

Phase (2] ve frequency

=3

=

sedefwts | Edor.. | comole | Select parameters -
[Expt rmrmfar Brclin(alon

B 8 38 88 8 8

3
8

1k 10k 100k 1M 10M  100M
Frequency (Hz)

Edit external functions | Add exteral function... | Help concel | oK

Figure 17: Speed sensor equation editor

5. The Pl compensator is selected, and the modulator gain is set to 1. See Figure
18.
To set the modulator gain equal to 1, see Figure 10.

Equation, single loop data input. X
™ Digital Plart Frequency range[Hz]
hiry max
m 10 10000000
G (S) Solution map
Compensatar || ﬂ Senszor
Com Cross freq. Phaze marg
loada[E guyation ( ) 0
| SelecTone fram — K s —

abaove

Help

ﬂ Cancel ok

bl LL:

Figure 18: Pl compensator for speed loop

6. Acrossover frequency and phase margin are selected from the solution map.
See Figure 19. In this example, an Fc of 40Hz and a PM of 50° are considered.
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Cross frequency and Phase margin input
Phasze margin vz Cioss frequency
El It's highly recommended ta click on the
\ unzhadawed [white] region far selecting
a0 an appropriate [Cross frequency, Phase
margin] couple of values.
70 Take care alzo of attenuation (K[]RI
\ at Fsw) and Phase margin edit boxes,

g0 when their backgrounds are red painted!
: \
2 80
£ \ Cross frequency Phase margin
o
£ a0 40 J%0
o

a0 \ IK[=)Rl=) at Faw

\ 12504 Update
20 \
10
Phtrin=0 \ Faw=20k Help
1n 0o Tk 10k 100k 1M 10K 100M
Cross frequency(Hz] Cancel | 0K |
Figure 19: Solution maps for speed loop

Finally, the Kp and Ti values of the PI controller will be copied to PSIM
simulation. In this example, the value of Kp is equal to 4.748 and Ti is equal

a
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Figure 20: PI parameters of the speed loop

4. PSIM Validation

Figure 21 shows a schematic diagram of the PSIM simulation. In this simulation,
the stability of the loop and the transient response are checked when a step is
injected into the rotor speed reference and the load torque.
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Figure 21: PSIM simulation

The simulation parameters are shown in Figure 22.

vdc = 450
Ri = 10m
Ci=470u
Fsw = 20k
Rs=0.76

N Ld=8m
File Lg=10m

Vpk = 92.86
P=4
J=0.025
Lambda = 60"Vpk/(sqrt(3)"3.141592°P*1000)
Kt =(3/2)'(P/2)'Lambda

Kpi = 18.966
Tii = 1.896m

Kpw = 4.748
Tiw = 5.149m

Figure 22: PSIM parameter file

As can be seen in Figure 23, the control loops designed with SmartCtrl are
stable.

speed_ref Wm

150 I

Tem_ref Tem_M1

9 o A o A o
1 ol o

o o ] 1 o8 1 |”Wh.|\Ih'-‘leuh-r|p|\-‘|\.l|J|m-|||r|k»h\\|-||c|v‘\»l|-||w ) 0 o 1 oo 9 0 0 o 8
III‘I‘IMI.M|‘|‘|III.II1-II‘WMwll'lll‘.\llwu'hl'ﬂ\,mH‘Illli'Uhn,|||In\Mlp'|-w|\1“1!1|\|u,u|\.|.;|\p\|.l|-|wu‘“|||||\w ool oo ] L

)8 o oo o
V40 o

L] 8.5 1 1.5 2
Time (s)

Figure 23: Waveforms of the transient response of the loops
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speed_ref im
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159,99992

Tem_ref Tem_M1

8.08 |
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8
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% Y7 % %7 % Y s % Y% %
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Figure 24: Main Waveforms of PSIM simulation
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