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Summary

This application note explains the speed control algorithm in the sensorless vector control software for permanent magnet
synchronous motor (PMSM) using Renesas Electronics Corporation’s microcontroller.
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Motor Control Application

Sensorless Vector Control for Permanent Magnet Synchronous Motor (Algorithm)

1. Overview

This application note explains the speed control algorithm in the sensorless vector control software for permanent
magnetic synchronous motor (PMSM) using Renesas Electronics Corporation’s microcontroller.

2.
2.1

PMSM Fundamental Equation
PMSM Model in Three-Phase

(U, V, W) Coordinate

Voltage equation of the permanent magnet synchronous motor having sinusoidal magnetic flux distribution (Figure 2-1)

can be expressed as follows.

\ V axis
Iy

Figure 2-1 Conceptual Diagram of Three-Phase Permanent Magnet Synchronous Motor

Uy iu ¢u
W | = Ra ly + p d)v
Vw Ly ¢W
(pu Lu Muv Mwu Ly cos6
by | = | Myy Ly, Myy||l]|+¢ cos(8 — 2m/3)
b M, M,, L, 1L, cos(8 + 21 /3)
v, Uy, U, - Stator phase voltage L, L, L, : Stator phase self-inductance
i, iy, b, : Stator phase current M, My, M,,,, : Mutual inductance
b, Our Py, ¢ Stator phase interlinkage flux Y : Maximum flux linkage due to permanent magnet
R, : Stator phase resistance 0 : Rotor electrical angle from phase U
p : Differential operator
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Motor Control Application Sensorless Vector Control for Permanent Magnet Synchronous Motor (Algorithm)

2.2 PMSM Model in Direct-Quadrature (d, q) Coordinate

Vector control is a method to control the motor on the two-phase (d, q) coordinate system instead of the three-phase
(u,v,w) coordinate system.

The d-axis is set in the direction of the magnetic flux (N pole) of the permanent magnet and the g-axis is set in the
direction which progresses by 90 degrees (electrical) in the forward direction of the angle 6 from the d-axis.

Figure 2-2 Conceptual Diagram of the Two-Phase Direct Current Motor

The coordinate transformation is performed by the following transformation matrix.

E[ cosf  cos(0 —2m/3) cos(0 + 2m/3)
3|—sinf —sin(f —2m/3) —sin(6 + 21/3)

(i<l

The voltage equation in the two-phase (d, q) coordinate system is obtained as follows.

I Bl A | B
Vq wlLgy R, + qu lq W,
vq,V, : d-axis and g-axis voltage Lq, Lq : d-axis and g-axis inductance

ig,i, : d-axis and g-axis current 3(Lg — Las) L=l 4 3(Lg + Lgs)

2 - 2

Y, : Flux linkage due to permanent magnet

Ld = la +
R, : Stator phase resistance

w : Angular speed

_ 3
l/)a_ Elp
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Based on this, it can be considered that alternate current flowing in the stationary three-phase stator is equivalent to
direct current flowing in the two-phase stator rotating synchronously with the permanent magnet operating as a rotor.

The generated torque can be written as follows from the exterior product of the electric current vector and armature inter-
linkage magnetic flux. The first term on the right side of this formula is called magnet torque and the second term on the
right side of this formula is called reluctance torque.

T = P{aiq + (Lg — Ly)iaiy}

T : Motor torque P, : Number of pole pairs

The PMSM which has no difference between the d-axis and g-axis inductances is defined as non-salient PMSM. In this
case, as the reluctance torque is 0, the total torque is proportional to the g-axis current. Due to this, the g-axis current is
called torque current. In two-phase (d, ) phase coordinate, the d-axis flux is sum of permanent magnet flux and flux
generated by d-axis current. Since the equivalent rotating stator flux (in three-phase (u, v, w) coordinate system) is
controlled by d-axis current, the d-axis current is called as excitation current
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3. Control System Design

3.1 Vector Control System and the Controller
Speed control block diagram of the vector control is shown below.

*
14"=0—> \rrent —J;,_\/d) dq \\;u>
. _ Vo
w* Speed Iq*‘ PI t Vo' UVW Virg P o \ M
—> P| > ’+ > > A4
w A _ A _A Vq** Vg** “9
la] 1 Decoupling | _
Control w 0
x ' _ 4 _
I lg ld dq :|u
o lg UVW [
Speed |,
detection |

Figure 3-1 Vector Control System Block (Speed Control)

As shown in Figure 3-1, this system consists of the speed control system and the current control system. These systems
use general PI controller. P1 controller gains of each system must be designed properly to realize required control
characteristics.

In decoupling control block, v;*, v*(as the following equations) are calculated and then added to voltage command

value. This realizes the high response of speed control system and enables to control the d-axis and g-axis
independently.

vy = —wlg4i,

Vg = w(Lgig +Yg)
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3.2 Current Control System

3.2.1 Design of Current Control System

The current control system is modeled by using the electrical characteristics of the motor. The stator coil can be
represented by a resistance R and an inductance L. The stator model of the motor is expressed by the transfer function

of the typical RL series circuit S
R+Ls

The current control system model can be represented by a feedback control system using PI control. (Figure 3-2)

Ai ; v 1 i Output
Clﬂre:;t Kp + EI » BT Le Current
X(s) Y(s)
Controller Stator Model
R: Resistance of stator coils [Q] L: Inductance of stator coils [H]
K,: Proportional gain of the current PI control K;: Integral gain of the current Pl control

Figure 3-2 Current Control System Model

Based on this model, PI gains of the current control system are designed as the following method.

First, the closed-loop transfer function of this system is obtained as follows.

_a( 5)
X)) 21 Ky K
t%, (1 a)5+1<,,
Kya L
K1=Kpa, Ka:T’ Kb—E

The general equation of second-order lag system with zero point can be expressed as follows.

Wy
_ (14—
s+ 2{w,s + w; W,
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By comparing coefficients of two equations above, the following equations are obtained.

1) ’é,, (143

52+ 2{w,Ss + wi 52+—(1+ a) +§
b

1 K,
, 2w, = Kb<1+a) w, =a

w2 =-2
24
K,

From above equations, natural frequency w,,, damping ratio ¢, zero-point frequency w, are written as follows.

2
on= [ (=AY, wyma=
K, K, a 2(w,L—R
b
Current P1 control gains (K, _current:Ki_current) are written as the following equations.
— — .2
Kp_current - ZZCG“)CGL - R' Kl _current — K currenta - wCGL
w¢¢: Desired natural frequency of current control system
(¢ Desired damping ratio of current control system
Therefore, PI control gains of the current control system can be designed by w.; and ..
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3.3 Speed Control System

3.3.1 Design of Speed Control System

The speed control system is modeled by using the mechanical characteristics of the motor. The mechanical system
torque equation is written as follows.

T = JWmecn
J: Inertia of rotor, wy,..,: Speed (Mechanical)

In consideration of only magnet torque, the electrical system torque equation is written as follows.

T = Pal,

By using the mechanical and electrical torque equation, the speed (mechanical) is written as follows.

_Pnl/)a .
Wmech — S] lq

The speed in the control software is treated as the electrical speed. Thereby, the number of pole pairs P, is multiplied
to both sides of this equation.

_Pa,

Welec S] q

Werec: Speed (Electrical)

The speed control system model can be represented by a feedback control system using Pl control. (Figure 3-3)

Aw . iq Pn%a w Output
InpuzI Kp + Ki N ny Speed
Spee Js Y(s)
X(s)
Controller Plant model
Figure 3-3 Speed Control System Model
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Motor Control Application Sensorless Vector Control for Permanent Magnet Synchronous Motor (Algorithm)

Based on this model, P gains of the speed control system are designed as the following method.

First, the closed-loop transfer function of this system is obtained as follows.

S
_Y(s) Ky (1 +E)
- X(s) s2+Kys+Kya

G(s)

2
Ky =222 K =Kya

The general equation of second-order lag system with zero point can be expressed as follows.

wn

S
1+
s?2 + 2(w,s + w,%( W,

Similar to the current control system, by comparing coefficients of two equations above, the following equations are
obtained.

S
w2(1+s/w,) o akj (1 + E)
s?2 +2(w,s + w2  s?+Kps+ak,

2 2
Kpapnlpa, 20w, =K :Kppnlpa’
J T

2

w, = akK, = w, =a

From above equations, natural frequency w,,, damping ratio ¢, zero-point frequency w, are written as follows.

Kpapnzlpa _ l KanZI/)a Wp
] ) 2 a] )

Speed PI control gains (K, speeas Ki speea) are written as the following equations.

2
K _ 20scws6/ K K Q= Wsg
p_speed — 2 ) i_speed — Dp_speed™ — p>
I n wa I n l/)a
wg: Desired natural frequency of speed control system
Us¢: Desired damping ratio of speed control system
Therefore, PI control gains of the speed control system can be designed by wg; and ;.
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4. Sensorless Vector Control

4.1 Position/Speed Estimation Method Based on The BEMF Observer

When the position sensors are not used, in other words, in the case of the sensorless vector control, it is necessary to
estimate the position by some methods. These days, the demand for sensorless motor control has increased and several
methods are provided for estimating the position. This part introduces the sensorless vector control, which is using the
BEMF observer.

d axis )

d axis

8~ dq axis : Real dq axis

dg axis : Estimated dq axis

AB A : Phase error between dq axis and dg axis

— e : BEMF

(eq,€q : Component of BEMF on dq axis)

6 : Real rotor position

f : Estimated rotor position

eq = e+ cosAB g axis
AB)

. axis
eq ='e - sinA@ e=(ed eq q

Figure 4-1 BEMF on The Estimated dq Axis

According to Figure 4-1, the voltage equation on the estimated dq axis is written as follows.

Vg =R +5sLy)ig—w'Lyiy +eq4

(R +sLg)iqg + w*Lgiy + €

*
Vq

Furthermore, by considering —w*L,i, + e, and w*Lyig + e, as the voltage disturbance, they are written as
—dg4,—d, respectively.

U:l = (R + SLd)id — dd
vy = (R +sLy)i, —d,
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Motor Control Application

Sensorless Vector Control for Permanent Magnet Synchronous Motor (Algorithm)

According to the above equation, state equation is written as follows. The state variables are the d-axis current and the
voltage disturbance.

R N d +v§
Sld = Ld ld Ld Ld
sd = sdy

If the estimated igq is ©3 and the estimated d is d, the estimated state equation is written as follows.
Kp4q and Kgg, are estimation gains.

R d v
Sig=——lg+—+—+ Kgq1(ig — 15
d LT L, ga1(la — Ta)

sd = Kgaz (ig — 13)

According to the above equations, ©; and d are written as follows.

KEdZ
fa = 2 R - Keaz {<1 * KE_dlLdS) la KS vc*i}
s< 4+ (G + KEdl) S + ? Ed2 Ed2
KEdZ
A== {(Lys + R)ig — v}
$7 + ([, + Kear) s + 22

As shown in the above equations, @3 and d, are the 2" order lag system with input iy and v}).
Natural frequency w,,, damping ratio ¢ are written as follows.

_ |KEaz
Wy, = L

R

I, + Keax

<:

) KEdZ
N Lg
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Motor Control Application Sensorless Vector Control for Permanent Magnet Synchronous Motor (Algorithm)

The characteristic of the estimation system is designed by w,, and .

The estimation gains are written as follows.

Kpa1 = 28gcwge — .
a
— 2
Kgaz = wgeLla
wgg: Desired natural frequency of BEMF estimation system
(.. Desired damping ratio of BEMF estimation system

Furthermore, the estimated state equation is rewritten as follows.

1( R d, v}

l?i=§ _EQ+E+Ld+KEd1(id_[L\i)
— 1 .
dg = E{KEdZ (ig — 13}

According to the above equations, the block diagram of the BEMF observer on d-axis can be drew as shown in Figure
4-2.

Iy

l
! i KEdZ

- S dd(= w*Lqiq — ed)

Ld KEdl

Figure 4-2 Block Diagram of the BEMF Observer on d-Axis
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The same calculation can be also realized on g-axis.

iy and d are written as follows.

KEqZ
L K S
~ q Eq1l . "
g = 76 1+ qu g + Vg
s2 + (L5 + Kqu) s+ L Keq2 Keq2
q q
KEqZ
4 _ 5 L, . X
d=d, = R Ko, {(qu + R)Lq — vq}
q q

As shown in the above equations, 7, and Ei; are the 2" order lag system with input i, and v;.

Natural frequency w,,, damping ratio ¢ are written as follows.

K
W, = Eq2
Lq
R
L_ + Kqu
q
( =
2 KEqZ
LCI

The characteristic of the estimation system is designed by w, and €.
The estimation gains are written as follows.

Kgq1 = 2{gcwge — I
q

— 2
Kgqo = wggLyg
wgg: Desired natural frequency of BEMF estimation system
(- Desired damping ratio of BEMF estimation system
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Furthermore, the estimated state equation is rewritten as follows.

1 R c/l; Vg
q S Lq q Lq Lq q q q

1 L
dq = E{KEqZ(lq - lq)}

According to the above equations, the block diagram of the BEMF observer on g-axis is shown in Figure 4-3.

v, i,
ER NN S
LS ! S dy(= —w*Lgiyg — e,)
R
LK ey

Figure 4-3 Block Diagram of the BEMF Observer on g-Axis

Next, BEMF is calculated from the estimated voltage disturbance d , H; as follows.

— I * y
eq = —dg + w'Lyi,
eq = —dq —_ O)*Ldid

€a
AG = atan | —
€q

As shown in the above equations, the phase error between the real axis and the estimated axis are calculated.
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Finally, A6 is used to estimate rotor position by the method shown in Figure 4-4.

eest

[a] A0 K West

~.
© | =

Figure 4-4 Block Diagram of the Position Estimation System

According to the above block diagram, the closed-loop transfer function of this system is

Kp
o (s) _ K1 (STE+1)
0(s) s?2+Kps+K,

This system is a 2" order lag system. The natural frequency w,,, damping ratio ¢ are written as follows.

0’)n:\/?l

Kp
Z:
2K,

The control gains of this system (Kp pnase errors Ki pnase_error) @re written as follows.

KP_phase_error = 20pgWnp

— .2
Kl_phase_error = Wpg
wyg: Desired natural frequency of position estimation system
Upg: Desired damping ratio of position estimation system

As above, the rotor position/speed estimation is completed.
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4.2 Open-Loop Control

In the conventional sensorless vector control, the position/speed estimation error in low-speed region is not negligible.
Accordingly, in the low-speed region, the motor runs with open-loop control. In this case, motor speed vibrates with
natural frequency (depends on current and motor parameters). Figure 4-5 shows the block diagram of the open-loop
damping control. This reduces vibration of the motor and realizes stable motor speed.

Ae d (*)comp
e —p HPF ———> K damp —» (Feedback to speed reference)

eq4. Estimated d-axis BEMF (output of the BEMF observer) [V]
Ae,: Vibration component of estimated d-axis BEMF [V]
Kqamp- Feedback gain

weomp- FE€dback speed [rad/s (Electrical)]

Figure 4-5 Block Diagram of the Open-Loop Damping Control

When the motor speed reaches the region that position/speed estimation error is negligible, the control mode is shifted
from open-loop control to sensorless control (closed loop control). But in the open-loop control, especially when the
load is heavy, the phase error is large. In this case, shock in current and speed is caused at the control transition timing.
Therefore, we use the phase error A8 to calculate the torque current required to set the phase error to 0 at the control
transition, and implement the processing to reflect the calculated torque current to the g-axis current reference
(Sensorless transition control) as shown in Figure 4-6. This makes it possible to reduce shock in current and speed at the
control transition.

Id A 1
1 1
il 1
\
1 1
1 1
1 1
1 »
T 1 >
0 . Sensorless transition control | t
1 1 1
I, 4 | ——) |
1 1
1 1
1 1
/
1 1
1 1
| | v
0 : : t
w A | :
/
1 1
| 1
1 1
1 1 -
T T >
0 | i t
1 1
1 1
AD A ! !
i i
1 1
1 1
i 1
1 1
1 1
: 1 >
0, ! ! t
| «—Open-loop control———— > | 4—Sensorless control—»

Figure 4-6 Sequence of Sensorless Transition Control

RO1AN3786EJ0102 Rev.1.02 Page 16 of 21
Oct. 31,2018 RENESAS



Motor Control Application Sensorless Vector Control for Permanent Magnet Synchronous Motor (Algorithm)

4.3 Flux-weakening Control

BEMF of a PMSM is proportional to the magnetic flux of the rotor and the rotation speed. Then, when the rotation
speed increases and BEMF is equal to the power supply voltage, that is, when the voltage saturates, no more current can
be passed to the motor, and the rotation speed saturates. It is difficult to achieve both high torque and high speed
rotation of a PMSM. For example, a PMSM equipped with a strong magnet increases the torque, but BEMF also
increases. In this case, high-speed rotation cannot be realized. Flux-weakening control is a technique to solve this
problem.

In the flux-weakening control, applying negative d-axis current prevents voltage saturation due to the BEMF. This
achieves high-speed rotation and improves torque output in the high-speed region.

In the software implementation, the d-axis current is determined according to the following formula.

v 2
vt () - )
= Ld
Vom = Vamax - IaR

V,,: Limit of BEMF [V]

Vimax: Maximum value of magnitude of voltage vector [V]

Iq

1,: Magnitude of current vector [A]
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4.4 Voltage Error Compensation

The 3-phase inverter has deadtime to prevent short circuit between upper and lower arm of switching devices.
Therefore, the voltage reference and the voltage applied the motor have error. This error causes degradation of control
accuracy. The voltage error compensation is implemented to reduce this error.

The voltage error depends on the current (direction and magnitude), the deadtime and the switching device
characteristic. The voltage error dependence on phase current is shown in Figure 4-7. The voltage error compensation
can be realized by adding the voltage, opposite to the voltage error, to the voltage reference.

1 Voltage error [V]
0.8

0.6
0.4
0.2

0

Q 0.5 1 1.5 2

02 Phase current [A]

-0.4
-0.6
-0.8

-1

Figure 4-7 Current Dependence of Voltage Error (Example)

4.5 Pulse Width Modulation (PWM)

As a general implementation of the vector control for PMSMs, phase voltage references are generated as sine wave.
However, when sin wave voltage reference is used as modulation wave for PWM generation, voltage utilization factor
is limited by 86.7 [%]. To increase the voltage utilization factor, the modified three-phase voltage reference is used as
modulation wave. The modified three-phase voltage reference (¥, V;,, V,,) is calculated by subtracting average value of
maximum and minimum from three-phase voltage (V,, 1, V). Then, without changing line-to-line voltage, the
maximum amplitude of the modulation wave becomes +/3/2 times, and as a result the voltage efficiency rate becomes
100[%].

Vu 4 1
V=% |+AaV|1
144 V. 1
2 AV = —mmecimin = max{V, Vo, Y} s Vinin = mindVy, V,, V)
2
., v, V,: U, V, W phase voltage reference
v, V), V,: U, V, W phase voltage reference for PWM generation (Modulation wave)
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4.6 Block Diagram of Sensorless Vector Control
Figure 4-8 shows block diagram sensorless vector control using BEMF observer when open-loop control is in use.

. + vg* d \Y; \Y
ig* q Y| Voltage AN
. ————-- 1 - Current VJ) error L,> SVPWM M
ig*=0 —:—)O 1| g Pl + Vafottage 2| Compen [y, 7| Modulation — \
—@—> | 9! _sati -
Open-loop to Sensorless || | + Limit uvw sation T
o |
Switching Control i_; _____ i“id“ Vq** Vg** 0
7 N S q 4
Decoupling
Control
Y N W\ Integration ] )
i i w¥ =X ig .
— dq <
i i
Ig ‘W
Uvw
*|
N + Vq'| Va
w
|wcomp YV \ 4
€4q
Spencer
Control Observer
€q Ae

Figure 4-8 Block Diagram of Sensorless Vector Control (Open-Loop Control)

Figure 4-9 shows block diagram of sensorless vector control using BEMF observer when sensorless control (closed
loop control) is in use.

. N
i * _Id._> F Vd dq ﬂ’ Voltage ﬂb
a A V. error |V SVPWM
o Speed » Flux- . C t - \ N "
w* pPeIe ”| weakening 'q* ugfn + Vq[ Tt v Compen [y, | Modulation \ M
> a Eir:ge > UVW 9| -sation — ©
A A A Y W
wI w iq i ig| la Vg* Vg** 9:
Decoupling
Control
L ] AN A A 0 .
io*| g% ™ i lu
a d ‘_i dq <
<
iq iw
uUvw
Va*| Vo
6 Y _V A4
W | Angle & Speed Ae BEMF
Estimator < Observer

Figure 4-9 Block Diagram of Sensorless Vector Control (Sensorless Control)
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4.7 Startup Sequence
Figure 4-10 shows the example of startup control of the sensorless vector control.

Openloop control Sensorless control
-+

A
A\

14 reference [A]
A

14=0 control
0 —»>
lq reference [A] 4 t[s]

speed Pl output

P g An]

0 >

Speed reference [rad/s]“ tis]
0 -
t[s]
Figure 4-10 Startup Control of the Sensorless Vector Control (Example)
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Website and Support

Renesas Electronics Website
http://www.renesas.com/

Inquiries
http://www.renesas.com/contact/

All trademarks and registered trademarks are the property of their respective owners.
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General Precautions in the Handling of Microprocessing Unit and Microcontroller Unit Products

The following usage notes are applicable to all Microprocessing unit and Microcontroller unit 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 accordance 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 Microprocessing unit or Microcontroller unit products 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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(Note 1) “Renesas Electronics” as used in this document means Renesas Electronics Corporation and also includes its directly or indirectly controlled subsidiaries.

(Note 2) “Renesas Electronics product(s)” means any product developed or manufactured by or for Renesas Electronics.

°

. This document shall not be reprinted, reproduced or duplicated in any form, in whole or in part, without prior written consent of Renesas Electronics.
12.

Notice

Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products and application examples. You are fully responsible for

the incorporation or any other use of the circuits, software, and information in the design of your product or system. Renesas Electronics disclaims any and all liability for any losses and damages incurred by

you or third parties arising from the use of these circuits, software, or information.

Renesas Electronics hereby expressly disclaims any warranties against and liability for infringement or any other claims involving patents, copyrights, or other intellectual property rights of third parties, by or

arising from the use of Renesas Electronics products or technical information described in this document, including but not limited to, the product data, drawings, charts, programs, algorithms, and application

examples.

No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics or others.

You shall not alter, modify, copy, or reverse engineer any Renesas Electronics product, whether in whole or in part. Renesas Electronics disclaims any and all liability for any losses or damages incurred by

you or third parties arising from such alteration, modification, copying or reverse engineering.

Renesas Electronics products are classified according to the following two quality grades: “Standard” and “High Quality”. The intended applications for each Renesas Electronics product depends on the

product’s quality grade, as indicated below.

"Standard": Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home electronic appliances; machine tools; personal electronic
equipment; industrial robots; etc.

"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control (traffic lights); large-scale communication equipment; key financial terminal systems; safety control equipment; etc.

Unless expressly designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas Electronics document, Renesas Electronics products are

not intended or authorized for use in products or systems that may pose a direct threat to human life or bodily injury (artificial life support devices or systems; surgical implantations; etc.), or may cause

serious property damage (space system; undersea repeaters; nuclear power control systems; aircraft control systems; key plant systems; military equipment; etc.). Renesas Electronics disclaims any and all

liability for any damages or losses incurred by you or any third parties arising from the use of any Renesas Electronics product that is inconsistent with any Renesas Electronics data sheet, user’s manual or

other Renesas Electronics document.

When using Renesas Electronics products, refer to the latest product information (data sheets, user's manuals, application notes, “General Notes for Handling and Using Semiconductor Devices” in the

reliability handbook, etc.), and ensure that usage conditions are within the ranges specified by Renesas Electronics with respect to maximum ratings, operating power supply voltage range, heat dissipation

characteristics, installation, etc. Renesas Electronics disclaims any and all liability for any malfunctions, failure or accident arising out of the use of Renesas Electronics products outside of such specified

ranges.

Although Renesas Electronics endeavors to improve the quality and reliability of Renesas Electronics products, semiconductor products have specific characteristics, such as the occurrence of failure at a

certain rate and malfunctions under certain use conditions. Unless designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas

Electronics document, Renesas Electronics products are not subject to radiation resistance design. You are responsible for implementing safety measures to guard against the possibility of bodily injury, injury

or damage caused by fire, and/or danger to the public in the event of a failure or malfunction of Renesas Electronics products, such as safety design for hardware and software, including but not limited to

redundancy, fire control and malfunction prevention, appropriate treatment for aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult

and impractical, you are responsible for evaluating the safety of the final products or systems manufactured by you.

Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas Electronics product. You are responsible for carefully and

sufficiently investigating applicable laws and regulations that regulate the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive, and using Renesas Electronics

products in compliance with all these applicable laws and regulations. Renesas Electronics disclaims any and all liability for damages or losses occurring as a result of your noncompliance with applicable

laws and regulations.

Renesas Electronics products and technologies shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable domestic or foreign laws

or regulations. You shall comply with any applicable export control laws and regulations promulgated and administered by the governments of any countries asserting jurisdiction over the parties or

transactions.

It is the responsibility of the buyer or distributor of Renesas Electronics products, or any other party who distributes, disposes of, or otherwise sells or transfers the product to a third party, to notify such third

party in advance of the contents and conditions set forth in this document.

Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas Electronics products.

(Rev.4.0-1 November 2017)
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