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Introduction

The objective of this project is to implement RX210 MCU base application board and software control reference for
Permanent Magnetic Synchronous Motor (PMSM) control with Power Factor Corrector (PFC).

Target Device

RX210
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RX210 Motor Control with Space Vector Modulation

1. Specifications

e Target Device: RX210
PFC
— Input voltage: 110 V AC/60 Hz
— Output voltage: 200V DC
— Output power: 400W
— Power factor: >0.9
— Current Control Mode: Average current mode
— Controller Type: PI Controller
— Carrier Frequency: 20 kHz
— Module: One phase Time
PFC
— Power: 300 W
— Rated speed: 3000 rpm
— Type: Surface mount PMSM
— Module: Three phase Timer
— Controller: Speed and current control
— Controller Type: PI Controller
— Carrier Frequency: 20 kHz

Figure 1 and Figure 2 shows the block diagram for the implementation of PFC and PMSM drives. As shown in Figure 1,
RX210 is used to realize the control software of PFC and PMSM drives. In Figure 1, average current mode and
speed/current control are realized in software using RX210. Table 1 and Table 2 show the specifications of PFC and
PMSM used in this project.
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Figure 1 Power Factor Corrector
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Figure 2 Vector-controlled PMSM drive
Table1 Specifications of PFC
Parameters Value
Input voltage, Vi ¢ 110VAC/60Hz
Output voltage, Vou e 220VDC
Power rate, P, e 400W
Current control mode e Average current mode control
Power factor e 0.90-0.98
Switching frequency e 20KHz
Table 2 Specifications of PMSM
Parameters Value
Rated Power o 300W
Rated Current (rms) o 2A
Rated Speed e 3000 RPM
Rated Torque e 0.95 Nt-m
Poles No. e 8
Encoder Resolution e 2000 C/T
g-axis Stator Inductance (Lgs) e 563 mH
d-axis Stator Inductance (Lds) e 6.47mH
Flux Linkage (2 m) e 0.06 V-s/rad
Stator Resistance (Rs) o 2.65Q
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2. PFC Controller Design

Table 3 shows the circuit parameters of the designed PFC. The block diagram of the implementation is shown in Figure
3. As shown in Figure 3, the output voltage is sensed to give the magnitude of current reference via the voltage
controller. Furthermore, the input voltage is fed back to give the waveform of the reference current. The input current is
sensed and compared with its reference value to generate the duty via current controller. The design specifications of
controllers are as follows:

1. Controller Design of current loop
A. Bandwidth of current loop < 2k Hz
B. Phase margin > 45 degrees

2. Controller Design of voltage loop
A. Bandwidth of voltage loop < 120 Hz
B. Phase margin > 45 degrees

Table 3 Circuit parameters of PFC

Parameters Value
Input voltage (Vin) e 110V rms
Output voltage (V,) e 200VDC
Input current (1) e 3.63Arms
Inductor (L) o 1321.7 uH
Capacitor (C) o 943 uF
Inductor DCR (Rpcr) e 1253 mQ
Capacitor ESR (RgsRr) e 76.37 mQ
MOSFET on-resistance (Ron) e 0.175Q
Output power (P,) o 400W
Switching frequency (fsw) o 20KHz
\% v i i d i v
ref e PI PI L 0
<+—) Controller Controller »| Modulator > Gld - Gvi >
A
Vo, feedback -L, feedback Current Loop
ADC [= H, [«
ADC | H, |
Voltage Loop

Figure 3 Block diagram of the developed PFC
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21 Controller Design of Current Loop

The Bode plot for current loop is shown in Figure 4. As shown in Figure 4, the current loop band width BW= 1.18 kHz

and PM = 70.4°. The designed results are:
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Figure 4 Bode lot of current loop

2.2 Controller Design of voltage loop

Figure 5 shows the Bode plot of voltage loop and the bandwidth of voltage loop is BW = 6.54Hz, PM = 70.8°. The

designed results are:
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Figure 5 Bode lot of voltage loop
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3. Controller Design of PMSM Drives
3.1 Modeling of PMSM

The mathematical model of PMSM referring to the synchronous reference frame can be derived as follows.

Voltage equations:

vds Ri+Lip —al, | . 0
V:S w,L, R+ Lp | ig @ik

(1)
Torque equation:
3 P . .
Te = 5 ?[ Zs ;s ﬂ’:s des] @)
Flux equations:
e H H
ds — I—dlds + I—mdlfd (3)
e —_—
lqs quqs (4)
The state equation for the electrical circuit can be revised from (1) and shown in (5).
- R - — -
e -—— 0 ., —(vds+a)eLq|qS)
Ids _ Ld Ids Ld
P | - Rs i$ i 1 e
as 0 L as L_(Vqs —o,Ljig — oL i)
- " - - (5)

As shown in (2), the torque can be controlled via g-axis current regulation if the controller keeps the d-axis current
component equal to zero. By (2), (3), and (4), the torque equation becomes:

3P

T, = oL - L) iie + A ] ©)

When the d-axis current component of magnetizing current equals to zero, the torque equation can be rewritten as:

3 P .
= (L uit) =2 (A1)

Since the flux is constant (no demagnetization) for constant torque operation, the torque is controlled by the g-axis
current. Furthermore, since the rotor flux, which aligns along the d-axis of synchronous frame, is perpendicular to the
torque producing current, g-axis component of stator current, maximum torque can be obtained.

3.2 Vector Control of PMSM

The block diagram of vector-controlled PMSM drives for speed control/current control is shown in Figure 6. As shown
in Figure 6, the PMSM drives consist of three controllers, including speed controller, g-axis and d-axis current
controllers. To achieve decoupling control between g-axis and d-axis components, such that the linear control law can
be used, the voltage decoupling mechanism is invoked in Figure 6. The decoupling terms shown in (8) and (9) are
derived from (5). By (5), the block diagram for current controller design can be derived.

RS

- +—= 0 .
Vgs p I—d Igs — @, quqs
. =L R e |T
_Vqs 0 p+ —s Iqs @, Ldlds + @ Lmd fd )
L
‘ (8)
e
Vdsdecouple — a)e quqs
e .
_Vqsdecouple a)e Ldlds + @ Lmd fd) (9)
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Figure 6 Block diagram of vector-controlled PMSM drives

3.3 Space Vector Modulation

A carried based PWM method which is shown to be equivalent as discussed in [1]. Based upon this method, the
maximum linear modulation index can be extended from 1.0 p.u. to 1.1547 p.u.; base voltage = 0.5 VVdc. Moreover, Vs,
Vis » Vs are used as reference to give T, , Ty, and T, which are ratios of phase voltage references to the half DC-link
voltage, respectively. By these values, the related minimum and maximum are and used to give the pulse shift time as
shown in (12). And the new pulse time is modified as shown in (13) to (15) to centralize the pulse in the half switching
period as shown in Figure 7 in order to extend the linear modulation index.

T = Max (T, T, 7.} (10)
Tmin :min {Ta*’Tb*’Tc*} (11)
1
TO ZE(TS _Tmax _Tmin) (12)
T, =T, +T, (13)
T, =T, +T, "
T, =T, +T, )
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Figure 7 Diagram of To component calculation

3.4 Design of d-axis Current Controller

Figure 8 shows the block diagram for d-axis current controller and its related plant. The designed bandwidth is 2 kHz.
For the transfer function shown in (16), the closed-loop transfer function can be derived as shown in (17). Based upon
pole-zero cancellation method, the relationship between the controller parameters and the plant parameter can be
derived and shown in (18). The closed-loop transfer function with pole-zero cancellation can be further simplified as
shown in (19). Therefore, the parameters of controller are derived as shown in (20) provided the bandwidth is given.
The Bode plot for d-axis current controller is shown in Figure 9. As shown in Figure 9, the d-axis current controller
band width BW = 2 kHz and magnitude = -3.04 dB.

1 1
Gy(s)= = 3
R, +L,S 2.65+6.4775x10°s (16)
K,s+K, 1
i - S )(R +L s)
Td (S) 0 .d_i: S ds
i KpS-l- K, 1
1+( X )
S R, + LS (17)
K
Let —* _Le
K, R, (18)
Td(s) can be rewritten as follow:
K, /R,
T"(S):s+('|< IR)
i S (19)
K, =2.65x12.566x10° =33299.9
K, = (6.4775><10’3/2.65)><33299.9 =81.396265 (20)
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e -e
+ Vds Ids

i PIAs) 3| Gf(s) >

Figure 8 Block diagram for d-axis current controller design
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Figure 9 Bode plot of d-axis current controller

3.5 Design of g-axis Current Controller

Figure 10 shows the block diagram for g-axis current controller and its plant. The designed bandwidth is also 2 kHz.
Similarly, the parameters of controller are derived as shown in (21) provided the bandwidth is given. The Bode plot for
g-axis current controller is shown in Figure 11. As shown in Figure 11 the g-axis current controller band width BW = 2
kHz and magnitude = -3.02 dB.

K, = 2.65x12.566x10° = 33299.9
K, =(5.634x107/2.65)x 33299.9 = 70.796844

(21)
€ 1€
i —stow| PL(s) Eo Gi(s)
lgs . 4(3) iq(8) >
Figure 10 Block diagram for g-axis current controller design
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Bode Diagram
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Figure 11 Bode plot of g-axis current controller

3.6 Design of Speed Controller

Figure 12 shows the block diagram for speed controller and its plant. The designed bandwidth is 200 Hz. For the
transfer function shown in (22), the closed-loop transfer function can be derived as shown in (23). Based upon pole-zero
cancellation method, the relationship between the controller parameters and the plant parameter can be derived and
shown in (24). The closed-loop transfer function with pole-zero cancellation can be further simplified as shown in (25).
Therefore, the parameters of controller are derived as shown in (26) provided the bandwidth is given. The Bode plot for
speed controller is shown in Figure 13. As shown in Figure 13, the speed controller band width BW = 200Hz and
magnitude = -3.06 dB.

1) 1
=53 = 0.0033+0.0008
+J . +0. S (22)
Where
J =0.0008 kg —m?
B =0.0033 Nt —m/(rad /sec)
K. 1
(Ky +=—X )
s J.+B
Tspeed (S) = K 2 1
1+(K, +—')(J78)
S s T (23)
K
Let —2= J
Ki B (24)
Tspeed(s) can be rewritten as follow:
K,/J
Toms V=0 T3
p (25)
-»J =0.0008 kg —m* .. K, =0.36161
B =0.0033Nt—m* .. Ki =K, E =1.49165
J (26)
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Figure 12 Block diagram for speed controller design
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Figure 13 Bode plot of speed controller

4. Start Up Procedure

Figure 14 shows the two phase conduction mode and Figure 15 shows the three phase conduction mode, Figure 16 is
the relationship of rotor attracts position from two phase conduction mode and three phase conduction mode, LS series
location is two phase conduction mode, and LV series location is three phase conduction mode.

Patten | SI | 82 | 83 | s4 | s | s6 |
i
Chon 10 AT .
Chop 5’ "ﬂﬂ"ﬂ"ﬂ“ﬂﬂﬂﬂ"ﬂﬂ" -
Chop ¢’ ﬂ"ﬂnﬂ"ﬂ"ﬂﬂﬂ"ﬂnﬂﬂj;-* Chop

Figure 14 Two phase conduction mode
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Figure 15 Three phase conduction mode
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Figure 16 The relationship of rotor position
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5. Software Implementation

Figure 17 shows the flow chart of PFC software implementation.

Main AD Sampling Interrupt

( Start ) Clear Interrupt Flag Soft start
v : _____________________ 1:
Variable I [ e | !
\ : To enter ISR —> Comter3 11!
setting | |
| |
| |
T]mer | Get input voltage, :
. : inductance current and |
settin 0 | output voltage |
| |
v | i
PWM : Increase [
. : To activate relay Voltage :
Settmg | command :
!
|
y | ' Duty>95%
Lo __ _
A/D converter |
' T
Settmg QOver voltage or current ° PWM OFF
I / O ¢PIN Duty=95% Duty setting
setting —
¢ Voltage Y
v controller Output PWM
signal
PFC ISR :
Current v
controller ( Retum )
|

Figure 17 Flow chart of PFC software implementation
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Figure 18 shows the flow chart of motor control software implementation.

 |1. Calculate speed error: 0y - O

| R0 clock 2, Calculate T, speed controller

2. Sine table setting
3, ADC setting

4. DAC setting

5. Variable setting !
6. Encoder counter setfing

7.1/0 port setting

8. Interrupt setting

9. Set motorr angular velocity ¢,
10,1 =0

[1.Start-Up procedure

Calcualte d-q axis (i, is) bY li, iy T

I
Is

Y iqh"“ ;
Caleulate 7,
by g-axis current controller
!
Calculate Vd¢*
by d-axis current controller

Y i
Caleulate (V.. Vi, Vi) from

~

sampling interrupt]

V", Vi and decoupling terms
Yes
1. Get angle 6, (mechanical angle) via encoder Generate PWM Pulses
2. Convert 6, to electrical angle 6,
3. Calculate mechanical angle speed , via mechanical Y
angle 0, :
Output pulses to inverter

|

Figure 18 Flow chart of motor control software implementation

6. Experimental Results

Figure 19 shows the experimental set-up. The experimental system for integration test for PFC and vector controlled
PMSM drives. The required calculations of block diagram shown in Figure 3 and Figure 6 are realized by RX210-based
controlled board as shown in Fig. 20.
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Figure 19 Experimental set up

.

g
o

20K, &% 0603

SuE SUITCH

*note

Figure 20 RX210-based control board

Note: A pin is connected with a pull-high resister and a switch button on the RSK, which is used to enable motor
control procedure (i.e. P23 = low voltage, motor control start flag == 1)/
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Figure 21 and Figure 22 shows the measured waveforms of power factor corrector without motor control. The
experimental results show the power factor goes up to 0.98 under full load (400W) condition.

>
»Ch2: linpec

> Ch3: Viseype
»Chd: PWM,e

Measure P1:rms(C1) P2:rms(C2 P3:meaniC3) P4:mean{C1) P5--- PE=---

value 106.3Y 2334 103.58Y -829 my
status v L 4 4

Figure 21 Load = 200W, Vout = 205.5V, PF = 0.963

>
»Ch2: linpec

> Ch3: Viseyp
»Chd: PWM,e

PEmean(Cy P4:mean(c1) PE:-- -
1060 250 v
v v

Measure
value
status

Figure 22 Load = 400W, Vout = 205.5V, PF = 0.982
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Figure 23 and Figure 24 shows the measured waveforms of motor current and its speed without power factor corrector.

The related motor speeds shown in Figure 23 and Figure 24 respectively.
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Figure 23 1500 rpm
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Figure 24 3000 rpm

Figure 25 shows the measured waveforms of motor control with power factor corrector. The related motor speeds
shown in Figure 26 are 3000 rpm with power factor corrector.
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Figure 26 Relationship between encoder signal and U phase current

7. Conclusion

Power factor corrector and a vector-controlled PMSM drive are designed and implemented using RX210. Experimental
results show the power factor goes up to 0.98 under full load condition and the motor speed goes up to its rated speed,
3000 rpm. These results demonstrate the results meeting the required specifications.
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General Precautions in the Handling of MPU/MCU Products

The following usage notes are applicable to al MPU/MCU products from Renesas. For detailed usage notes on the
products covered by this document, refer to the relevant sections of the document as well as any technical updates that
have been issued for the products.

1. Handling of Unused Pins
Handle unused pins in accord with the directions given under Handling of Unused Pins in the manual.
— The input pins of CMOS products are generally in the high-impedance state. In operation with an
unused pin in the open-circuit state, extra electromagnetic noise is induced in the vicinity of LSI, an
associated shoot-through current flows internally, and malfunctions occur due to the false
recognition of the pin state as an input signal become possible. Unused pins should be handled as
described under Handling of Unused Pins in the manual.
2. Processing at Power-on
The state of the product is undefined at the moment when power is supplied.
— The states of internal circuits in the LSI are indeterminate and the states of register settings and
pins are undefined at the moment when power is supplied.
In a finished product where the reset signal is applied to the external reset pin, the states of pins
are not guaranteed from the moment when power is supplied until the reset process is completed.
In a similar way, the states of pins in a product that is reset by an on-chip power-on reset function
are not guaranteed from the moment when power is supplied until the power reaches the level at
which resetting has been specified.
3. Prohibition of Access to Reserved Addresses
Access to reserved addresses is prohibited.

— The reserved addresses are provided for the possible future expansion of functions. Do not access

these addresses; the correct operation of LSl is not guaranteed if they are accessed.
4. Clock Signals

After applying a reset, only release the reset line after the operating clock signal has become stable.

When switching the clock signal during program execution, wait until the target clock signal has

stabilized.

— When the clock signal is generated with an external resonator (or from an external oscillator)
during a reset, ensure that the reset line is only released after full stabilization of the clock signal.
Moreover, when switching to a clock signal produced with an external resonator (or by an external
oscillator) while program execution is in progress, wait until the target clock signal is stable.

5. Differences between Products

Before changing from one product to another, i.e. to a product with a different part number, confirm

that the change will not lead to problems.

— The characteristics of an MPU or MCU in the same group but having a different part number may
differ in terms of the internal memory capacity, layout pattern, and other factors, which can affect
the ranges of electrical characteristics, such as characteristic values, operating margins, immunity
to noise, and amount of radiated noise. When changing to a product with a different part number,
implement a system-evaluation test for the given product.
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