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直流無刷馬達及其驅動控制
(Brushless DC Motor and Its Driving Control)
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I. Classification of PMSMs
n Surface-mounted PMSM (SPMSM)
n Interior SPMSM (IPMSM)
⌧ Permanent magnet rotor with magnetic saliency.

⌧ Advantages:
˙ High power density.
˙ Excellent acceleration ability.
˙ Low operating noise.
˙ High reliability.
˙ Suitable for high speed operation due to rigid rotor 

structure.

⌧ Limitations:
˙ Existence of cogging torque.
˙ Nonlinear inductance characteristic.
˙ Higher cost.
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n 四種馬達：IM, SynRM, SPMSM, IPMSM
n 比較之性能：Cogging  torque、轉矩特性、效率及損失、成本。
n (i) 齒隙轉矩(Cogging torque)：IPMSM與SPMSM具有Cogging  

torque，其中IPMSM較大，因其具有凸極效應(Saliency)，在
壓縮機負載之應用上，應具有效小之Cogging torque，因需具
有低噪音及低振動特性; 

(ii) 馬達效率及損失：IPMSM之效率最高，因其除具永磁轉矩
外，尚具有磁阻轉矩，其所需之定子電流最小，而具有最小
之銅損。SPMSM無磁阻轉矩，其銅損增大。另外，因外包
鋼膜上之感生渦流所造成之鐵損，以及較大之氣隙，使其效
率稍低。而SynRM因無永磁轉矩，全靠磁阻轉矩而效率較
低，但仍比IM高約2~3%；

(iii) 成本：以SynRM為1.0當比較對象，IM、IPMSM、SPMSM分
別為其之1.13、1.42、1.5倍。由上之比較可知，欲得高性能
高效率之空調運轉操控特性，可選用IPMSM，而如欲得最低
成本者，可選用SynRM，只是效率較低，但仍比IM高些。

不同馬達應用於空調機之性能比較：
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u 磁凸極對線圈電感之影響:

由於IPM轉子具有永久磁石及凸極效應，且磁石之導
磁係數遠小於鐵心之導磁係數 (            )，亦即
，使得IPM之 q 軸電感不等於 d 軸電感(            )。電樞
電感值為轉子位置(     ) 之非線性函數，且此電感值亦與
激磁頻率和激磁電流之準位有相當之關聯。線圈電感與
轉子位置之關係：
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u 外加激磁下d軸阻抗之變化:

⌧ 利用磁飽合效應從事轉子磁極位置之偵測。

⌧ 原理：當飽合程度增加時， 下降，則在一樣之外加

電壓下所造成之電流將增加，在圖(a)中，線圈造成之
磁通與磁鐵之磁通為相同方向，線圈磁通與磁鐵磁通具

相加成之作用，此時 變小(飽合)；而圖(b)中，線
圈磁通與磁鐵磁通方向相反，有相互低消之作用，此時

變大。據此，我們可以判別出磁極位罝。
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u 利用磁飽合效應從事轉子磁極
極性之判斷及位置偵測

)( rL θ
0=e

v

)( ri θ

)(i rθ

v

⌧ 在線圈兩端外加一短脈寬之脈波電壓信號，由量測
之電流從事轉子位置估測及磁極極性之判斷。

⌧ 在三相線圈注入高頻諧波電壓(電流)，由量測之電流
(電壓)信號從事轉子位置估測及磁極極性之判斷。
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u 轉矩產生特性及換向調控

n同步磁阻馬達(SynRM) : ⇒=Φ 0f

,f 0≠Φ ⇒=− 0qd LL

、

o
max,rmax 45== θβ最大轉矩產生角發生在 :

n 表面貼磁式直流無刷馬達(SPMSM) :
o

max,rmax 0== θβ

,f 0≠Φ ⇒≠− 0qd LL
n IPMSM直流無刷馬達:

oo
max,rmax ~ 450== θβ
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n 實際上， 與速度、負載、馬達參數等均有關。maxβ

n 角之調控：須特別研究的課題為採用合適之方

法及合適之性能評估指標(Performance index)來
做換向調控以達到較佳之操控性能。
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β
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β最佳 角對轉速之概略關係

β
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激磁調控

n 對IPMSM而言，由於 ，所以若要產生最佳

轉矩或最大之TPI (Torque per current)，不令
qd LL ≠

0=di

n ≤rω 額定速度：
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用以行弱磁控制
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II. II. STRUCTURE AND GOVERNING STRUCTURE AND GOVERNING 
EQUATIONSEQUATIONS

n Classification of BDCMs

⌧ Speed servo drive: square-wave BDCM

Using photo sensor

Using Hall sensor

⌧ Position servo drive: sine-wave BDCM
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devices
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nn Ideal waveforms of Ideal waveforms of 
a Ya Y--connected connected 
BDCM with BDCM with 
flatflat--top back EMF.top back EMF.

nn NonNon--ideal windingideal winding
current and voltagecurrent and voltage
waveforms andwaveforms and
commutation commutation 
yielding torqueyielding torque
ripple.ripple.
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n Operating principle of sine-wave BDCMs
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n Structure of PMSMs
⌧ Rotor
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(1) As shown in Fig. 2.2(a), the N poles are formed on the rotor back iron between 
magnets. Although the number of magnets is reduced to half, the length of magnets 
must be increased. Owing to non-uniform material on the rotor surface, both the 
reluctance torque and cogging torque exist.

(2) The structure shown in Fig. 2.2(b) is a common rotor model of the IPMSM. The 
magnetic flux enters into the air gap through soft-iron. If the cross sectional area of 
magnet is larger than the surface area of the soft-iron around the air gap, the flux 
concentration will occur. This type of rotor also possesses reluctance and cogging 
torques. Recently, there have been many types of rotor structures with multi-layer 
magnets being developed.

(3) As shown in Fig. 2.2(c), the nonmagnetic spacer between the magnets is replaced by 
electrical steel, this will lead to the increase of reluctance torque component.

(4) Fig. 2.2(d) shows a rotor structure without spacers. The rotor is constructed from a 
single piece of bonded magnetic material, which is magnetized with alternating 
magnet poles. The major advantage of this type of rotor is low cost.

(5) Figs. 2.2(e) and 2.2(f) show two rotor structures of SPMSM. The efficiencies of these 
types of rotors are lower due to their larger air gap and the induced eddy current due 
to the steel-sleeve mounted on the rotor surface.
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n 內置式磁石同步馬達其他常見之轉子型式。
n 環型磁鐵轉子型式。
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⌧ Stator

(a)如圖(a)，為salient pole：具有短的
end turns，相與相間之 coupling 較
小，每一相之線圈不同時，與所有轉
子磁鐵作用時，導致性能之降低。

(b) 如圖(b)，沒有slot (Slot-less)，故沒
有齒隙轉矩(Cogging torque)，但線圈
與後鐵間之熱導低，不利負荷之增
加。又因沒有靜子齒，使得氣隙增長
成轉子表面至後鐵，為維持適當大之
PC值，磁鐵之長度須增長。

(c) 如圖(c)，具有shoes在氣隙處，可減
少氣隙磁導隨位置之變化，而減少
cogging torque。

22

外永磁轉子(Outer rotor)、內電樞定子馬達：

外永磁轉子(Outer rotor)、內電樞定子，電樞繞組採集中(Concentrated)
式，具繞組繞製較簡易、銅損較小、可薄型化、散熱較不易、轉矩漣波較
大等特點。由於具有較大之氣隙處半徑力臂，有較大之轉矩產生能力，但
需有降低轉矩漣波及噪音之對策考量。常用於散熱扇、電動車輛、電梯、
升降梯、磁碟機主軸驅動等，需馬達為扁平薄型化之場合。

Outer 
PM rotor

Rotor yoke

Inner
stator

Outer 
PM rotor

Rotor yoke

Inner
stator
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n 軸向磁通(Axial flux)馬達

軸向磁通馬達為扁平薄型化馬達，常用於電腦週邊裝
置之驅動，又稱(Pan-cake motor)，定子電樞及永磁轉子可
為單側式及雙側式，電樞繞組有時為印刷式，稱為 (Printed 
circuit board motors)。

(a)                                                         (b)  

24

Multi-layer rotor structure of IPMSM
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layersmagnet  ofNumber 

⌧ Two-layer IPMSM possesses better compromised performance

layer-Single)(a layer-Two)(b

layer-Four)(c layer-Ten)(d
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永久磁鐵及磁路分析

永久磁鐵已有多種材質，各有其去磁特性，一些典型
永磁材質之特性比較於圖3。在永磁磁路之安排與磁路分析
上，須注意磁路之組態與材質，以及氣隙之形狀與尺寸。
如圖4所示，永磁磁路之磁通密度永久磁鐵之去磁特性與磁
路之Shear line決定之。又溫度亦極影響其操作點偏磁之大
小。由線圈之磁動勢安匝產生之磁力線流通於永磁磁極間，
使其產生電磁轉矩，磁力線之流通路徑，由於間隙之存在
而有邊緣效應(Fringing effect)、鐵心之飽和及非線性激磁特
性，使得準確之磁路分析較為困難達成。一般常須仰賴有
限元(Finite element)模擬分析，然而其複雜、模式須妥當建
立且執行演算較慢。故亦常應用簡易之磁阻等效電路法。
如能考慮週延，可得較為精確之簡化等效電路，亦可用於
磁路分析與設計之進行。

26

Governing equations

⌧ The configuration and conventional definition of IPMSM
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⌧ The armature voltage equation

dt
dirv abcs

abcssabcs
λ

+=

⌧ The flux linkages equations

rmcsascsbsasbsasasasas iLiLiL θλλ sin'+++=

)
3

2sin(' πθλλ −+++= rmcsbscsbsbsbsasbsasbs iLiLiL

)
3

2sin('
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πθλλ ++++= rmcssbscsbsascsascs iLiLiL
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⌧ Expanded forms

⌧ Voltage equations in rotor reference frame

where
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⌧ The developed torque
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n For an IPMSM, its developed torque consists 
of both electromagnetic torque and reluctance 
torque due to qd LL ≠

Electromagnetic
torque

Reluctance 
torque
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III. ESTIMATION OF EQUIVALENTIII. ESTIMATION OF EQUIVALENT
CIRCUIT PARAMETERSCIRCUIT PARAMETERS

n Experimental mechanism for making parameter estimation

Source
Power

AC

SW

device
Driving

+ −

n

a

b

c

+

−

'n

IPMSM

rθrω

ase

asv

˙ Rotor is locked at a particular position and the winding is excited  
with a variable-frequency and variable-current AC source.

˙ The voltage, current and power are recorded.

32

nn Per-phase equivalent circuit model

),,( fiR rθ ),,( fiL rθ

+

−

asv )(e rd ω
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⌧ Back EMF constant estimation:

rtd ke ω=
'
mλ⌧ Flux linkage amplitude estimation:
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⌧ Winding inductances

34

n Y-connected with non-isolated neutral
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Parameter estimation via slip test
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⌧ Stator is excited by a three-
phase current  source, and rotor 
is driven at a speed slightly 
different from the synchronous 
speed.

⌧ Synchronous rotating flux 
encounters different 
reluctance paths. 
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滑差測試

l 滑差測試所量得之線電壓波形
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max,abv

min,abv
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馬達之運轉性能估測
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替代方案：(應用兩相同馬達對耦接)
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IV. IV. 以以DSPDSP為主之為主之IPMSMIPMSM直流無刷馬達驅動系統直流無刷馬達驅動系統

n Typical motor drive system configuration: 

+ +

− −

*
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Position
controller

Velocity
controller *I

Current
controllers

PWM
modulators

Control
voltages

Converter Motor LoadTG EC

Power
source

Power
section

Control
section

*
rθ

rθ

Multi-loop: position loop, velocity loop, current, loop 
PWM switching scheme 

n Some practical digital control issues

40

DSP

TMS320C240
E202SERVO −

MIRL

ITRI

board Control

boardPower 

circuits drive andIsolation 

BDCM

HBHA,

INT

signalsEncoder 

HWHVHU ,,

IPMSM

signals Hall

Rectifier

asi

bsi

φ3
V220

Hz60

PMSG

RL

DSPDSP--based motor drivebased motor drive
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V. ROBUST CURRENT CONTROL, EXCITATION V. ROBUST CURRENT CONTROL, EXCITATION 
AND COMMUTATION TUNINGAND COMMUTATION TUNING

System configuration
IPMSM drive

E
+
−

a

b

c

L

L

L

Rs

sR

Rs

eas

ebs

ecs

IPMSM

ias

ibs

ics

n

E
+
−

N

odcV

LT

eT rω+

−
PMSG

T1 T3 T5

T4 T6 T2

dci

RL

EC

*
asi

acontv ,
1T

4Ttriv
'
asi

Robust
current

controller

*
bsi

bcontv ,
3

T

6

Ttriv
'
bsi

Robust
current

controller

*
csi ccontv ,

5T

2Ttriv
'
csi

Robust
current

controller

Σ

rω
*
rω

*
qsi

)(sGcω

computer control based-DSP TMS320C240

scheme
  tuningand

generator
command
Current 

rθ

42

n 所提之控制理念

⌧ 線圈電流
控制波形：

⌧ 換相時刻
調整:

aH

*
si

'
1si

'
2si

(b)

0=β

(c)

aH

*
si

0>β

0<β

(a)

Σ

rω

*
rω *

qsi
si

'
si

*
si

generator commandCurrent 

scheme
tuning

nCommutatio
Robust
current

controller
scheme

generator
sine-Unit

contvSpeed
controller

sv

sK

PWMK Motor
model

signal
Encoder

aH

*
si

aH

*
si

Speed
estimator

aH

phase)-(per mpdel drive
motor controlled-Current
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換相時刻調整

n 相位校準及霍爾感測信號

l 機械對位調整

l 電氣對位調整

HSIPM

torque
Driving a b c

+ ++

− − −

n

anv bnv cnv aH bH cH

霍爾位置感測信號相位調校之機構

anv

bnv

cnv

aH

bH

cH

調整後量測所得之感測馬達之開路端電壓

44

激磁及換相時刻調整對轉矩產生能力之影響

n 激磁調整及換相時刻調整間之等值性

asdq

asdqmm

ILL

ILL

)(4

)(8
sin

222''
1

max −

−++−
== −

λλ
ββ

constant=aI
0=∂∂ βeT

對一固定之電樞電流(           )，產生最大轉矩
之角度可由令 求之，為：

maxβ maxas
r
ds sinIi β−=在下 ，對應之d-axis 電流為

2
2

2''

)(4)(2
r
qs

dq

m

dq

mr
ds i

LLLL
i +

−
−

−
=

λλ
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)(a

)(rpmrω

(degree)β
0 5 10 15 20 25 301510

1520

1530

1540

1550

1560

1570

1580

1590

)(b
(degree)β

)(rpmrω

0 5 10 15 20 25 303000

3050

3100

3150

3200

3250

3300

3350

3400

3450

3500

在不同之 值下量測

之速度(                )：
(a) ；

(b) 。

β
Ω= 20LR

Aiqs 7* = )AI( rms,as 5=

Aiqs 5.3* = )A.I( rms,as 52=

換相時刻之離線
(off-line)調整

46

rpm25

26 ,9.0 == βW

PIonly 
9.0=W

ms50

rpm3100

rpm3000

rpm164

(b)

ms50

22 ,9.0 == βW

PIonly 

9.0=W
rpm3000

0 5 10 15 20 25 30
4.3

4.4

4.5

4.6

4.7

4.8

4.9

5

5.1

(a)

(degree)β

)(, AI rmsas

(degree)β
0 5 10 15 20 25 30

2.45

2.5

2.55

2.6

2.65

2.7

)(, AI rmsas

rpm3000

,

(a) 在不同之 值下量測之馬達線電流，(3000rpm,                    )(上)及
(3000rpm,                   )(下)；(b)速度步級命令變化(3000rpm     3100rpm,    

) (上)及步級負載電阻變化(                                       , 3000rpm) 
(下)量測所得之速度響應比較。

Ω= 40LR
Ω= 20LR

β

Ω= 40LR → Ω= 20LRΩ= 20LR
→
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激磁電流之之離線(off-line)調整

)(, AI rmsas

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
4.3

4.4

4.5

4.6

4.7

4.8

4.9

5

5.1
5.2

)(* Aids

(b)(a)

)(, AI rmsas

0.0 0.5 1.0 1.5 2.0 2.5 3.0
2.0

2.5

3.0

3.5

4.0

4.5

5.0
22 ,20 =Ω= βLR

18 ,40 =Ω= βLR

)A(*
dsi

2.4
2.45

2.5

2.55

2.6

2.65

2.7

2.75

2.8

2.85

)(* Aids

)(, AI rmsas

0.0 0.5 1.0 1.5 2.0 2.5 3.0

(a)設定在(3000rpm,                )(上及(3000rpm,                )(下)穩態定
速運轉下，在不同之值下量測之馬達線電流；(b)設定在 附近
(            , 3000rpm,                ) and (            , 3000rpm,               )，在
不同 之值下量測之馬達線電流。

maxβ
18=β Ω= 40LR 22=β

Ω= 40LR

Ω= 20LR

Ω= 20LR

*
dsi

48

換相時刻之智慧調控

maxβ

*
qsi

0)( and 0)( * >∆>∆ nin qsβ 0)( and 0)( * <∆>∆ nin qsβ

β

P
Imin

β

maxβ

Imin

Imin Imin

maxβ

maxβ

(a)

(c) (d)

(b)

P

P P

ββ

0)( and 0)( * >∆<∆ nin qsβ 0)( and 0)( * <∆<∆ nin qsβ

*
qsi

*
qsi*

qsi

n 變化換相時刻角度所造成 之變化*
qsi
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)())(()()1( * ninsignknn qsp ∆∆−=+ βββ





<∆−
≥∆=∆

∆

0(n) for    
0(n) for        nsign β

ββ 1
1))((

換相時刻角度調控法則

=pk 靈敏度(Sensitivity)之調整用增益

)1()()( *** −−=∆
∆

ninini qsqsqs

)1()()( −−=∆
∆

nnn βββ

50(a)

ms200

0=β 7.14

ms2

signal Hall

 tuning)(before *
asi

ing)(after tun *
asi

ngBegin tuni

β

*
qsi

signal Hall

A1.7
A6.5

26

(b)

4.7

ms200

0=β

3.78A
3.50A

*
qsi

β 12

ms2

signal Hall

 tuning)(before *
asi

ing)(after tun *
asi

在 值調控前及調控後，量測之β a
*
qs H,,i β

(a) (3000rpm,                   )Ω= 40LR (b) (3000rpm,                   )Ω= 20LR
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Sensorless
IPMSM drive

rω̂

schemestartingmotorsSynchronou

schemerunningBDCMSensorless

anv̂

signals
switching

PWM

*
abcsi

abcsi
scheme

tiontransforma
abc-dq

ROM

unit vector
ROM

scheme
tiontransforma

abc-dq0* =dsi
*
qsi

Scheme
PWM

Controlled
Current−

estimator
Speed

Inverter

b

c

a

−

+

−

+

dV n

aR

aL

ai −+

signals
switching

PWM

'n

anv̂

SW
R

S

dê
tuning

 angle β

*
qsi

)(sGcω∑
+

−

*
rω

rω̂ *
dsi

runit vecto

de
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(a) ms100

2.5A

20rpm8

asas ii ,*

rω

0=rω

2.5A

20rpm8

ms20(b)

*
asi

asi

rω

rω̂0=rω

(c) ms10

2.5A

20rpm8

*
asi

rr ωω ˆ, asi

0=rω

⌧ Starting process

Bump-less starting
Is needed


