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Abstract- Electro Mechanical Actuator is a characteristic 
position servo system use in lots of fields. The control 
architecture of EMA is frequently implementing founded on 
cascaded position, velocity and current loop. The BLDCM is 
additional and more applied to EMA as of its tiny size, high 
effectiveness, high power density and low rotor inertia. A 
position servo system of BLDCM (PSSBLDCM) use in EMA is 
intended in this term paper and PID controllers are used in 
position loop, velocity loop and current loop. Because of the 
frequency response requirement of the position loop, the 
frequency results  of the velocity loop and current loop can be 
obtain and a frequency domain method is used to implement 
the PID controllers .Simulation of the structure is done by by 
SIMULINK. The results explain the PSSBLDCM can assure 
the requirements. 
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I. INTRODUCTION 

 
The Electro-Mechanical Actuator (EMA) is a typical 

position servo-system, widely used in aeronautics, 
astronautics, military, traffic and mechanism for industry and 
agriculture. It drives the load directly or indirectly by 
electrical motor or appliance, and the position target can be 
realized. The control architecture of EMA is usually 
implemented based on cascaded position, velocity and current 
loop. Because of the velocity loop, the damp of the system is 
increased and the ability of anti-disturbance is improved. 
Because of the current loop, the torque ripple is reduced and 
the effect on DC bus voltage variation is eliminated. The 
BLDCM has been more and more used in EMA, because of its 
small size, high efficiency, high power density, low rotor 
inertia, high reliability and good heat dissipation 
characteristics. In this paper a position servo-system model is 
established using the BLDCM in EMA. According to the 
frequency response requirement of the position loop, the 
frequency responses of the velocity loop and current loop can 
be obtained and a frequency domain method is used to design 
the PID controllers. Simulation of the system is done by using 
the SIMULINK, and the experiment is implemented based on 
an experimental servo-system.  One current sensor is used to 
obtain the current feedback from the DC bus. The phase 
commutations are implemented based on the hall sensors from 

which the velocity of the BLDCM is estimated and calculated. 
The position of the BLDCM is obtained from encoder. Only 
two of three phases are conducting simultaneously at any time. 

 
II. THE SYSTEM STRUCTURE AND DESIGN 

REQUIREMENT 
 

The Position Servo-System of BLDCM 
(PSSBLDCM) consists of Brush less DC motor, speed 
reducer, inverter, controller, signal detection unit, etc. The 
structure of the servo-system is shown in Fig 1. 

 
Fig.1.the structure of PSSBLDCM 

 
The design requirements of the PSSBLDCM are below: 
 The maximum rotation angle of the load is 40°.  
 The frequency response of the PSSBLDCM should be 

6Hz, when the rotation angle is 2°, which is the 5% of the 
maximum rotation angle.  

 And the position error should be less than 0.1°. 
 

a. Computation of the Load 
 
The moment of inertia of the load is JL=0.5kgm2. The 

load is driven to rotate following a sinusoidal signal. ω is 
the angular frequency, then:  
ω = 2πf = 37.70rad / s                                        (1) 

       φ=2°=3.49×10-2rad                                                         (2)                                           

       φ(t)=φsinωt=0.0349sinωt                                              (3) 

       φ ͘ = φωcosωt=1.32cosωt= φm͘axcosωt                           (4) 

       φ ̈ = −φω2sinωt = - 49.60sinωt=-φ ̈max sinωt                  (5) 

 
And the maximum speed of the load is: 
        φ ̇Max=1.32rad / s = 12.61 rpm                                        (6)                                                 
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The maximum peak value of torque of the load is: 
 M max = JL φ̈ max =24.80N-m                                   (7) 

 
If friction is considered, then: 
ML=1.2Mmax=29.76N-m                                              (8)                                          
 
Where ߮ (t) is the sinusoidal signal that the load is following, 
ML is the maximum output toque of speed reducer. The 
deceleration ratio and efficiency of speed reducer are: 

i=100:1                                                            (9)                                                
η = 85%                                                   (10) 

     
Then the required maximum speed of the motor shaft should 
be: 
n=i.φ ̇max=1261rpm                                                   (11) 
 
And the required maximum torque of the motor shaft is: 
Mm= M L/ (i.η)=0.35 N-m                       (12) 
 

The three phase windings of the BLDCM are Y 
connected without neutral line. The detailed parameters of the 
BLDCM are shown in Table I 
 

 
Table I Parameters of BLDC motor 

 
The total inertia coupled to motor shaft can be computed: 
 
 J=Jm+J/ (i2 η) =3.36x10-4kg.m2                                         (13) 

 
b. Selection of the Position Sensor 
 
                 The position sensor used is an incremental encoder. 
It generates a signal represented zero position and two 
orthogonal signals which are 2500 pulses per revolution each. 
The two orthogonal signals can generate a signal which has 
quadruple frequency and then increase the precision of the 
position detection. That is to say, 10000 states per revolution 
can be captured from the encoder. The resolution of the 
encoder is: 
 

 3600/10000=0.0360 <0.10                                                  (14)   
                                                                
The encoder selected satisfies the position error requirement 

III. POSITION SERVO SYSTEM OF BLDC MOTOR 
MODELING 

  
The model of the PSSBLDCM is given below. The 

model can be simplified because only two of three phases are 
conducting simultaneously at any time. Second, models of 
other parts of the PSSBLDCM are given. Finally the whole 
model of the PSSBLDCM is established. 
 
3.1 Model of the Brushless DC Motor (BLDCM) 
 

To simplify the analysis, the following assumptions 
are made: 
 
1) The three phase windings are completely symmetric, and 

the waveform of air gap magnetic flux density is square 
2) Effects of the teeth and slots, commutation and armature 

reaction are ignored 
3) The magnetic circuits are unsaturated 
4) The hysteresis loss and eddy current loss are ignored. 

  
According to these assumptions, the electrical 

equation of BLDCM is written below: 
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Where 

 ௖are the stator winding phase voltagesݑ ௕andݑ ,௔ݑ
݅௔, ݅௕and ݅௖  are the stator winding phase currents 

 ݁௔ , ݁௕, and ݁௖are the Back-EMF 
R is the winding resistance 
LA, LB and LC are winding self-inductances 
MAB, MBA, MAC, MCA, MBC and MCB are the winding 
mutual inductances. 

            
According to the assumptions, the inductances of the 

BLDCM don’t vary with the change of rotor position and the 
three windings are completely symmetric, then: 

 

 LA = LB = LC = LS       (16) 

MAB= MBA= MAC= MCA= MBC = MCB                                              (17) 
 

Because of Y connection without neutral line, the 
following equation is obtained: 

I A + I B+ I C = 0                                 (18) 
    

And then: 
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               Where L=LS-M is the phase equivalent inductance. 
The equivalent circuit of the BLDCM is shown in Figure b. 
This equivalent circuit can be simplified as Figure c, because 
only two of three phases are conducting simultaneously at any 
time.  

 
Figure b. the equivalent circuit of the BLDCM 

Figure c. The simplified equivalent circuit of BLDCM 
                                                                                            

When phase A and phase B are conducting, the 
electrical equation can be written as: 

UAB=Ef+2RI +2LdI/d t                            (20) 

The torque equation of BLDCM is: 

Te = (݁௔݅௔+݁௕݅௕+݁௖݅௖)/߱                                (21) 

ω=2πn/60                                 (22) 

The mechanical equation of BLDCM is: 

Te-TL=J   d ω/ d T                             (23) 
Where, 

Te= motor torque 
TL= load torque 
J   = total inertia of rotor and load. 

Suppose 

Ke=Ef/n                                                             (24)                                               
KT=T /I                    (25)                   

 
Then the transfer function of BLDCM can be 

obtained as below: 
 

௡
௨

= ௄т
ଶ(௅௦ାோ)௃௦ା௄௘௄т

                                (26) 

 

The block diagram of the BLDCM model is shown in Figure 
d. 

 
Figure d. Block diagram of the model of the BLDCM 

 
3.2 Model of Other Parts of the BLDCM 
 
                  The frequency response of the current loop is 10 
times that of the velocity loop, so the inverter can be 
considered as a proportional unit. The gain of the proportional 
unit is: 
 

KPWM= 240/3.3 =72.73                                 (27) 
 

The sample unit of the velocity loop is considered as 
delay unit. The delay time is the reciprocal of the sample 
frequency of velocity loop. 

ௗ = ଵܩ            
		ଵ×ଵ଴		̅	³ୱାଵ

                    (28)                                   

 
3.3 Model of the PSSBLDCM 
 

With the models of BLDCM and other parts of the 
PSSBLDCM, the whole model of the PSSBLDCM can be 
obtained as shown in Figure 5.5. P, V and C are the position, 
velocity and current controllers respectively in Figure e. 

 
                      Figure e. The model of the PSSBLDCM 

 
3.4 DESIGN OF THE PSSBLDCM 
                    

With the model obtained above, the design of  
PSSBLDCM can be accomplished to satisfy the frequency 
response design requirement of the position loop. PID 
controllers which are implemented in position loop, velocity 
loop and current loop can be designed using a frequency 
domain method. According to the design requirements of the 
system, the frequency response of position loop is: 
																												 ௣݂ =6HZ                                       (29) 
 
Then the frequency response of velocity loop can be obtained: 
                      ௩݂=16.67fP= 100HZ                     (30) 
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Then the frequency response of current loop is obtained: 
                   ௜݂= 10fV = 100HZ                           (31) 
 
To design a PSSBLDCM is to design the three loops in turn. 
The order of the design is: 

First       -   the current loop,  
Second   -   the velocity loop and 
Last        -   the position loop.  

 
This is because the former loop is one part of the latter loop. 
 
3.4.1 Design of the Current Loop 
                   

A proportional controller is applied in the current 
loop, and KPC is the gain of the controller. In the real system, 
the electromagnetic time constant is far less than the 
mechanical time constant. In this paper, the two time constants 
of BLDCM are: 
 
Ti = L/R = 1.18X10-3 s                                     (32)  
Tm   = 2RJ / (K e KT)  = 2.76 X 10-2s          (33) 
                

 Because the effect of the Back-EMF on current loop 
is ignored, the block diagram of the current loop is shown in 
Figure f.  

Figure f. The block diagram of the current loop 
 
The closed-loop transfer function of the current loop is: 

Φ c =
୏р৫	୏৸৿୫

ଶ୐ୱାଶୖା୏р৫	୏৸৿୫
                             (34) 

 
According to the definition of the bandwidth, KPC is:  
 KPC = (4LπfI - 2R)/ KPWM = 2.99                   (35) 
 
Then the closed-loop transfer function of the current loop is: 

 Φ c =
ଶଵ଻.ସ଺

଴.଴ସ଺ୱାଶହଵ.ସ଺
≈ ଵ

ଵ.ହଽ×ଵ଴	̅⁴ୱାଵ
          (36) 

 
The open-loop transfer function of the current loop is: 

 Φ C = ଵ
ଵ.ହଽ×ଵ଴	̅⁴௦

                                            (37) 

 
The cut-off frequency of the current loop is: 
Ω CC= 6.29X103   r ad /s                                   (38) 
 
The closed-loop bode diagram of the current loop is shown in 
Fig.g. 

 
Fig.g. The closed-loop bode diagram of the current loop 

 
3.4.2 Design of the Velocity Loop 
                
    A proportional controller is applied in the velocity 
loop, and KPV is the gain of the controller. The block diagram 
of the velocity loop is shown in Figure h. 

 
Figure h. The block diagram of the velocity loop 

 
  As both the delay unit and the current loop are low-
inertia units, which mean the time constant of them are far less 
than the mechanical time constant, the two units in series are 
equivalent to one low inertia unit. And the equivalent time 
constant is: 
T = 0.001 +0.000159 = 1.159X 10-3s                   (39) 
 
The equivalent inertia unit is: 

G =   ଵ
ଵ.ଵହଽ௑ଵ଴ˉ³௦ାଵ

                                           (40) 

 

Φ V = ହ.ଵଵଡ଼ଵ଴⁶୏ᴩʋ
ୱ²ା଼.଺ଷ×ଵ଴²ୱାହ.ଵଵ×ଵ଴⁶୏ᴩʋ

												         (41)         

 
According to the definition of bandwidth, KPV is: 
KPV = 7.50×10-2                                                      (42) 
 
Finally the closed-loop transfer function of the velocity loop 
is: 

Φ V = ଷ.଼ଷଡ଼ଵ଴⁵୏ᴩʋ
ୱ²ା଼.଺ଷ×ଵ଴²ୱାହ.ଵଵ×ଵ଴⁵୏ᴩʋ

      (43)   

 
The open-loop transfer function of the velocity loop is: 

Φ V = ଷ.଼ଷଡ଼ଵ଴⁵
ୱ²ା଼.଺ଷ×ଵ଴²ୱ

                              (44)                                             

 
The cut-off frequency of the velocity loop is: 

Ω CV = 4.02×102   r ad / s                                            
5.45 

 
The closed-loop bode diagram of the velocity loop is 

shown in Figure i. 
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Fig.i. the closed-loop bode diagram of the velocity loop 

 
3.4.3 Design of the Position Loop 

 
A PI controller is applied in the position loop to 

eliminate the static error. KPP is the gain of the PI controller, 
and KIP is the integral coefficient. Ignoring the high order 
terms, the reduced order closed-loop transfer function of the 
velocity loop can be obtained as below: 
௡
௡੓

 = ଷ.଼ଷ௑ଵ଴⁵
଼.଺ଷ×ଵ଴²௦ାଷ.଼ଷ௑ଵ଴⁵

 = ଵ
ଶ.ଶହ×ଵ଴ˉ³௦ାଵ

      (46) 

 
The block diagram of the position loop is shown in Figure 
5.10. 

 
Fig.j. the block diagram of the position loop 

 
The closed loop transfer function of the position loop is: 

߶P = ௄ᴩᴩௌା௄ɪᴩ
ଶ.ଶହ×ଵ଴ˉ¹௦³ାଵ଴଴	ௌ²ା௄ᴩᴩௌା௄ɪᴩ

                      (47) 

 
 According to the definition of bandwidth, the following is 
obtained: 

√௄²ᴩᴩఠь²ା௄²ɪᴩ
ඥ(௄ɪᴩିଵ଴଴ఠь²)²ା(௄ᴩᴩఠьିଶ.ଶହ×ଵ଴‾¹ఠь³)²

 = ଵ
√ଶ
		 

                                                                              (48) 
Where ω b = 2×6×3.14 = 37.70 r ad / s. 
 
The open-loop transfer function of the Position loop is: 

 

Φ P = ୏ᴩᴩୱା୏ɪᴩ
ଵ଴଴ୱ²(ଶ.ଶହ×ଵ଴‾యୱାଵ)

                     (49) 

 
The phase margin is greater than π /4, then: 

√௄²ᴩᴩఠ²੓ᴩା௄²ɪᴩ

ଵ଴଴ఠ²੓ᴩට൫ହ.ଷସ×‾ర൯
మ
ఠమ੓ᴩାଵ

 = 1                  (50) 

 

Arc t g ௄ᴩᴩఠ੓ᴩ
௄ɪᴩ

−arctg2.25×10‾ ³ωCP>గ
ଶ
         (51) 

 
Where  ݓ௖௣ is the cut-off frequency of the position loop 

From 48, 50 and 51, we can get: 
KPP =3505                                                    (52) 
KIP = 200                                                      (53) 
 
Than the transfer function of the position controller is: 

P = 3505 +	200
ݏ                                          (54) 

 
The closed-loop transfer function of the position loop is: 

߶P =
ଵ.ହ଺×ଵ଴ర௦ା଼.଼ଽ	×ଵ଴²

௦³ାସ.ସସ×ଵ଴²௦²ାଵ.ହ଺×ଵ଴ర௦ା଼.଼ଽ×ଵ଴²
   (55) 

 
The open-loop transfer function of the position loop is: 

ΦP = ଵ.ହ଺×ଵ଴ర௦ା଼.଼ଽ	×ଵ଴²
௦³ାସ.ସସ×ଵ଴²௦²

            (56) 

 
The cut-off frequency of the position loop is: 
  ௖௣ =35 r a d / s                                          (57)ݓ
   
The closed-loop bode diagram of the position loop is shown in 
Fig.k.  
 

 
Fig.k. the closed-loop bode diagram of the position loop 

 
Therefore the design of the current, velocity and 

position loops is completed, and all parameters of these 
controllers are given according to the design requirement of 
frequency response 
 
3.5 Simulation Results 
                  

The PSSBLDCM is modeled in the section III, and 
the whole system is simulated in SIMULINK. The block 
diagram of the simulation is shown in Figure l. 

 
Figure l. The block diagram of the simulation 
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In this paper, the position command is a signal which 
the load is driven to rotate following. Two position commands 
are used here. First is a sinusoidal signal whose amplitude is 
set to be 2°(0.0349rad) and frequency is 6Hz. Second is a step 
signal whose amplitude is set to be 40°(0.6981rad). And the 
responses of the simulated PSSBLDCM to the two signals are 
sinusoidal response and step response respectively. The 
sinusoidal response of the system is shown in Figure m, in 
which the sinusoidal response is compared with the first 
position command. 

Figure m. The sinusoidal response of the simulated 
PSSBLDCM 

 
The step response of the system is shown in Figure 

m, in which the step response is compared with the second 
position command. It can be seen that the overshoot of 
response is very small. The position error can be computed 
from the data of Figure m which is less than 0.1° and satisfies 
the design requirement. 

 
Figure .m. The step response of the simulated PSSBLDCM 

 
3.6   CONCLUSION 
 
              In this a frequency domain design method of 
PSSBLDCM is represented which is to determine the 
frequency responses of the velocity and current loop according 
to the design requirement of the position loop. A design 
method of the controllers applied in the three loops is also 
discussed. The results prove the feasibility of the frequency 
domain design method. It is shown that this method is a 
general method which has the reference value in other position 
servo-system using BLDCM. 
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