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Fig. 2.1  Engine generator MGC2200G. 

Table. 2.1  Specification of gas engine generator. 

Engine 

Engine type Air cooling 4-stroke OHV gas engine 
Engine displacement 0.181 L 
Bore-Stroke 68 mm×50mm 
Rated power 3.4 kW (4.7PS) / 2800 rpm 
Max. power 4.6 kW (6.3PS) / 4000 rpm 
Max. torque 11.6Nm/2800rpm 
Use fuel LPG(Propane Gas) 
Ignition type Fly wheel magnet 
Starting type Recoil starter 

Generator 

Generator type AC inverter generator 
Voltage adjustment type Inverter type 
Rated frequency 50/60 Hz switchable 

Rated output 
AC 2.2 kVA (100 V×22 A) 
DC 100 W (12 V×8.3 A) 

Other 

Dimensions 
(Length×Width×Height) 547 mm×480 mm×618 mm 

Dry mass 56 kg 
Throttle control method Electronic governor 
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Fig. 2.3  Structure of stroke spark ignition engine.(4) 

 
 

Fig. 2.2  Based engine GB180 and performance curve. 
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Fig. 2.4  Operating-Principle of 4 stroke spark ignition engine(5) 
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Fig. 2.6  TS diagram. 
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Fig. 2.7  p-v diagram of the Otto cycle 
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Fig. 2.8  Typical engine model with open-loop identification. 

 
Fig. 2.9  Frequency characteristics of engine model of Fig.2.8 . 
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Fig. 2.11  Identification accuracy of Fig.2.9. 
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Fig. 2.12  Frequency characteristics of nominal model. 
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Fig. 2.10  AIC by order in ARX model 



 

27 
 

(3)

2.4

 

(1) 

 

(2) 

 

 

(3) 2800rpm

 



 

28 
 

2.3.  

(12) ECOWILL  

ECOWILL

(13) (14)

 

2.13 2.2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2  Specification of cogeneration gas engine-generator.(15) 

Engine 

Engine type Water cooling 4-stroke OHV gas engine 

Engine displacement Intake stroke volume 110cm3 
Exhaust stroke volume 163cm3 

Bore-Stroke 68 mm×50mm 

Rated power 1.0 kW (PS) / 1,950 rpm  

Use fuel City gas (Natural gas) 

Ignition type Capacitor discharge igniter 

Starting type Self starter 

Generator 

Generator type Starter generator 

Voltage adjustment type Manual 

Rated frequency 50/60 Hz switchable 

Rated output 1000W(AC200V×5.0A) 

Other 
Dimensions 
(length×width×height) 298 mm×580 mm×750 mm 

Dry mass 71 kg 

 
Fig 2.13  ECOWILL. 
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Fig 2.14  Exlink®(16). 

 
Fig 2.15  Piston stroke for 1cycle(16). 
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Fig. 2.16  Extended expansion thermal cycle(16). 
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Fig.2.17  Specification of Piston Crank mechanism. 
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Fig.2.18  Torque Fluctuation by intermittent combustion. 
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Fig. 3.1  Conventional gas engine generator. 
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Table 3.1  Specification of gas engine generator. 

Engine 

Engine type Air cooling 4-stroke OHV gas engine 

Engine displacement 0.181 L 

Bore-stroke 68 mm×50mm 

Rated power 3.4 kW (4.7PS) / 2800 rpm 

Max. power 4.6 kW (6.3PS) / 4000 rpm 

Max. torque 11.6Nm/2800rpm 

Use fuel LPG(Propane gas) 

Ignition type Fly wheel magnet 

Starting type Recoil starter 

Generator 

Generator type AC inverter generator 

Voltage adjustment type Inverter type 

Rated Frequency 50/60 Hz Switchable 

Rated output 
AC 2.2 kVA (100 V×22 A) 

DC 100 W (12 V×8.3 A) 

Other 

Dimensions 
(Length×Width×Height) 547 mm×480 mm×618 mm 

Dry mass 56 kg 

Throttle control method Electronic governor 



 

40 
 

Table 3.2  Experiment data in PES system 

 

# Fuel
Fuel flow

[NL/min]

Choke Valve
Opening

[%]

Air Flow

[NL/min]
A/F ratio

Engine
Revolution

[rpm]

Ignition
Plug Seat

emp. (T ENG)
[oC]

Engine oil
temp. (T OIL)

[oC]

Exhaust Gas
temp.
(T EXH)
[oC]

Generator
load (L GEN)

[W]

100 96.5 11.4 2,800 98.2 69.8 118.0 0
100 168.9 11.6 2,950 109.5 77.0 148.3 400
100 234.0 11.3 3,100 119.2 81.3 187.5 800

6.5 100 188.2 18.1 2,850 100.2 68.2 172.5 0
8.4 100 253.4 17.2 3,000 113.6 77.1 215.2 400
10.3 100 311.3 16.8 3,100 123.7 83.2 249.5 800
17.5 57 243.7 17.0 2,800 105.3 74.1 232.1 0
25.7 50 316.1 14.0 3,000 126.8 84.4 328.3 400
26.7 50 313.7 13.6 2,100 140.5 93.1 337.9 800
18.8 58 287.2 18.1 2,800 101.5 72.9 243.8 0
23 54 325.8 16.5 2,950 119.9 82.0 296.5 400

27.6 50 333 13.9 2,200 136.4 89.9 336.2 800
4 (CH4 60%,

CO2 40%)

1 propane gas Not Measure

2 (CH4 100%)

3 (CH4 70%,
CO2 30%)

ECU

 

 

PES

 

60% 1kW

PES  

 

3.2.2.  

100% 70% 60%

3 3.2  

 

11.3 11.6

2800rpm 2950rpm 400W 3100rpm 800W

 

CH4 (3) 17.20 3.2

3.3 100%
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Fig. 3.2  Relationship between generator load and A/F ratio. 
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Fig. 3.3  Relationship between generator load and engine revolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3. IES, Improved Experiment Set-up  

3.4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Improved Experiment Set-up (IES) system 1#    twin carburetor 

Improved Experiment Set-up (IES) system 2#    twin carburetor + surge 

Fig. 3.4  Improved experiment set-up system. 
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Table 3.3  Data of IES system 1# (twin carburetor). 
 

 

# Fuel
Fuel flow

[NL/min]

Choke Valve
Opening

[%]

Air Flow

[NL/min]
A/F ratio

Engine
Revolution

[rpm]

Ignition
Plug Seat

emp. (T ENG)
[oC]

Engine oil
temp. (T OIL)

[oC]

Exhaust Gas
temp.
(T EXH)
[oC]

Generator
load (L GEN)

[W]

11.4 100 485.0 20.9 2,800 82.1 60.0 230.9 0
13 100 574.3 21.1 3,000 102.3 70.4 313.9 400

14.9 100 649.0 20.7 3,100 115.0 79.1 354.9 800
16 28 253.3 19.1 2,800 94.8 68.3 246.5 0

18.6 28 316.1 17.9 3,000 113.0 74.7 298.6 400
23.8 28 376.4 16.7 3,100 124.9 83.2 330.0 800
24.7 20 159.3 17.8 2,800 - - 293 0
26.8 20 219.6 15.9 3,000 - - 344.4 400
47.6 20 395.8 13.9 3,100 - - over 800

(CH4 100%)

2 (CH4 70%,
CO2 30%)

3 (CH4 60%,
CO2 40%)

1

Table 3.4  Data of IES system 1# (twin carburetor and surge tank). 
 

 

# Fuel
Fuel flow

[NL/min]

Choke Valve
Opening

[%]

Air Flow

[NL/min]
A/F ratio

Engine
Revolution

[rpm]

Ignition
Plug Seat

emp. (T ENG)
[oC]

Engine oil
temp. (T OIL)

[oC]

Exhaust Gas
temp.
(T EXH)
[oC]

Generator
load (L GEN)

[W]

11.4 100 485.0 20.9 2,800 82.1 60.0 230.9 0
13 100 574.3 21.1 3,000 102.3 70.4 313.9 400

14.9 100 649.0 20.7 3,100 115.0 79.1 354.9 800
16 28 253.3 19.1 2,800 94.8 68.3 246.5 0

18.6 28 316.1 17.9 3,000 113.0 74.7 298.6 400
23.8 28 376.4 16.7 3,100 124.9 83.2 330.0 800
24.7 20 159.3 17.8 2,800 - - 293 0
26.8 20 219.6 15.9 3,000 - - 344.4 400
47.6 20 395.8 13.9 3,100 - - over 800

(CH4 100%)

2 (CH4 70%,
CO2 30%)

3 (CH4 60%,
CO2 40%)

1

3

3.3 3.4

3.3

400W 800W

2800rpm 2950rpm 400W 3100rpm

800W

 

3.4 0.18L

17.2 800W

2800rpm 2900 3000rpm 400W 3000

3100rpm 800W
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IES 3.5 3.8  IES 2 IES 1

IES ♯2 17.2

IES 1 2800rpm 2950rpm 400W 3100rpm 800W

IES 2

2800rpm 2900 3000rpm 400W 3000 3100rpm 800W

 

3.9 3.10 CH4 60% IES 2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.5  Relationship between generator load and A/F ratio. (IES system 1#) 

 
Fig. 3.6  Relationship between generator load and A/F ratio. (IES system 2#) 
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Fig. 3.7  Relationship between generator load and engine revolution. 

 
Fig. 3.8  Relationship between generator load and engine revolution. 
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Fig. 3.9  Fuel efficiency treated by various bio-methane compositions in different System. 

 
Fig. 3.10  Exhaust temperature treated by various load in different system for CH4 60% 

(most representative). 
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3.3. (PID ) 

 

 

3.3.1.  

3.11  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(4) (5) MATLAB® / Simulink®

 

 

3.3.2. (PID )  

 

3.12  

3.13 2.7Nm 800W t = 30

2800rpm  

 

 

 

 

 

 

Fig. 3.11  The mathematical model of gas engine. 

Gas EEngine Model  
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Fig. 3.13  Simulation result of the approximate engine model. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3. (PID )  

PID ECU

IES
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3.14

AD7011-EVA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12  Closed-loop feedback controller.  
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Fig. 3.14  The closed-loop feedback control system. 

Table 3.5  Specification of the AD8011-EVA and PID settings. 
 

OS Linux+Xenomai (Real-tim extension) 

CPU ARM1136JF-S (532MHz) 

AD/DA 

ADC : 4-ch, 12-bit, single ended, 

±10V input, AD7323 

DAC : 4-ch, 12-bit, single ended, 

±5V output, AD5024 

PID setting value 

Proportional gain 0.02 

Integral gain 0.01 

Differential gain 0.02 

Differential filter 2.0 



 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.  

 

 

 

(1) 

 

(2) 

 

(a) 

60 70%

 

(b) 

60 70%

  

(c) 

60 70%

 

(d) (a) (c) 3φ

Table 3.6  Experimental data (Carburetor 2# and surge tank added). 
 

 

# Fuel
Fuel flow

[NL/min]

Choke Valve
Opening

[%]

Air Flow

[NL/min]
A/F ratio

Engine
Revolution

[rpm]

Ignition
Plug Seat

emp. (T ENG)
[oC]

Exhaust Gas
temp.
(T EXH)
[oC]

Generator
load (L GEN)

[W]

15.2 35 468.1 19.9 2,800 78.1 232.9 0

17.1 35 579.1 19.4 2,800 95.3 309.1 400

16.1 30 434.3 18.1 2,800 112.7 334.9 800

14.0 20 236.4 18.5 2,800 86.1 254.2 0

16.4 20 284.7 17.7 2,800 106.1 331.4 400

18.2 20 313.7 16.6 2,800 117.7 335.1 800

Bio-methane
gas

(CH4 70%,
CO2 30%)

1

2

Bio-methane
gas

(CH4 70%,
CO2 30%)
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3.2φ 60 70%

 

(3) (2)

PID

PID

60 70%
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4.2.2.  

(1)
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Fig. 4.1  The evaluation tool of the bicycle model for control plant is shown. A11 to A22 , B1 and 

B2 are expressed by Eq.(1). The control input δ is the steering angle, the controlled 
output :  is linear coupling of yaw rate r and side-slip angular rate . This model 
expresses linear cornering characteristics regardless vehicle velocity and side slip angle.  

(4.1) 
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Table 4.1  Simulation variable of bicycle model.  

δ Front wheel steering angle 

State variable r Yaw rate 

β Side slip angle 

m Vehicle mass 1460kg 

I Yaw inertia moment 2050kgm
2
 

l Wheel base 2550mm 

lf Distance from CG to Front wheel 1070mm 

lr Distance from CG to Rear wheel 1480mm 

Cf Front tire cornering stiffness/ 1 tire 34.5kN/rad 

Cr Rear tire cornering stiffness/ 1 tire 46kN/rad 

V Vehicle velocity 37km/h,60km/h 

 

 

4.3.  

4.3.1. Model Matching (MM)  

MM G(s) ref. u y

x F R

ref.→y (12) 2  

 F 4.2 R

(y/ref.) 1 (0dB)  

ref. u y

x (10)(13)  [

r β δ]  
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Fig. 4.2  Model Matching (MM) control law is shown. G(s) is the vehicle (linear bicycle model),  

R is feedforward gain to adjust input to output gain = 0dB, and F is state feedback gain. 
ref. is reference command, u is control input (steering deviation), y is controlled output 

 and x is state variables (yaw rate r, side slip angleβ, steering angle δ). 

 

Table 4.2  Pole placement 

Simulation velocity p1 Actuator pole p2,p3 Vehicle pole 

37km/h -5.5 -14.8 ± j3.03 

60km/h -5.5 -14.8 ± j3.03 

Note : 37km/h is determined by 1G cornering at simulation course.  

 

4.3.2.  

MM 4.3

 

(1) q( ) (14) (Qu)  

(15)

 

(2) (Qu) [r,β,δ] [r,β,δ,Qu]

 

(3) (Qu) ( )  

(4)  

(16)  

(17)

Appendix  



 

58 
 

 

 

Fig. 3  This optimal observer system configured by MM control is shown. Qu is defined 
the input disturbance by random walk integrating white noise q , w is the 
observation noise, yh is observation data and x̂ is estimated states. The input 
disturbance Qu is cancelled by estimated input disturbance uQ̂ . 

 

4.3.3.  

(4.2)

 

 

 

 

 

 

where, 

v=B1q:system noise, w:observation noise 

 

 

Ch: observation matrix 

 

4.3.4.  

(4.2) (4.3) (4.4) Ge

(4.5) yh ex̂
 

(4.2) 
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where, 

V: covariance of system noise,  W: covariance of observation noise 

 

 

 

where, 

 

 

4.4.  

4.4.1  

MM

4.4 SIMULINK® . 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4  Inner loop of Model matching and Optimal observer is shown. Inner loop is defined 
the feedback loop which augment the vehicle dynamics. Input disturbance Qu is 
defined the input disturbance by random walk integrating white noise q. Observation 
noise w is defined by white noise. The difference of Observation data yh and 
Estimation data hŷ is expressed Innovation. y is Controlled output. R and F are defined 
in Fig.2. 
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Fig. 4.5  MM control & Optimal observer without input disturbance and observation noise. 
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Fig.4.6  MM control only and Bicycle model only added input disturbance[2×10 -3(m/s2)2]  

and observation noise[5×10-4(m/s2)2]. 
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Fig.4.7  MM control with Optimal observer added input disturbance[2×10-3(m/s2)2] 

and observation noise[5×10-4(m/s2)2]. 
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Fig. 4.7.1  Estimation accuracy of input disturbance   and estimated disturbance   .  
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Fig. 4.8  Outer loop including inner loop observer is shown. Outer loop is defined the feedback loop to control  

the vehicle trajectory which is used by present position and prediction position by 1 st steer angle  

prediction control using lateral velocity and prediction time.  
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Fig. 4.9.1  Trajectory simulation result of outer loop @Velocity:37km/h is shown.   

Simulation condition: 
Outer loop control law is 1st prediction steering angle control law (prediction time =1s). 
Trajectory red is reference. Trajectory black is Outer loop control + MM control & Optimal 
observer. Trajectory blue is Outer loop control only. Reference trajectory is captured tracing on 
racing vehicle locus by Vehicle Motion Trajectory Recorder (Higuchi et al., 2006).  
Noise level: 
System noise co-variance =2.452[(m/s2)2], Observation noise co-variance =3.462 [(m/s2)2] 
This noise revel is determined by lateral acceleration PSD (power spectral density) described 
reference document (Takahata et al., 2006).  
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Fig.4.9.2  Trajectory simulation result of outer loop @Velocity:60km/h is shown.  

Simulation condition: 
Outer loop control law is 1st prediction steering angle control law (prediction time =1s). 
Trajectory red is reference. Trajectory black is Outer loop control + MM control & Optimal 
observer. Trajectory blue is Outer loop control only. Reference trajectory is captured tracing on 
racing vehicle locus by Vehicle motion trajectory recorder (Higuchi et al., 2006).  
Noise level: 
System noise co-variance =2.452[(m/s2)2], Observation noise co-variance =3.462 [(m/s2)2] 
This noise revel is determined by lateral acceleration PSD (power spectral density) described 
reference document (Takahata et al., 2006).  
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4.5.3.  

4.4 Input disturbance Qu[2×10-3(m/s2)2] Controlled output y

Observation noise w[5×10-4(m/s2)2] controlled output 

y 4.11   

4.11 37km/h,60km/h 0.001rad/s

-69dB,-66dB 37km/h,60km/h 1000rad/s

-85dB,-83dB  

4.11 60km/h 37km/h

MM

4.9.1 4.9.2  

0dB +20dB/dec

0dB ‐20dB/dec (11)  

4.12 4.12

6rad/s 2dB

 

4.11 6rad/s 0dB +20dB/dec

6rad/s  

 

 
Fig. 4.10  Definition of input, and output point for robust evaluation is shown. C(s) s the 

controller, G(s) is the plant, L(s) is open loop transfer function. y is controlled output. 
q is disturbance meaning the system noise or observation noise generally. The 
notation in brackets indicate the nomenclature of Eq.(4.6) and (4.7).  
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Fig. 4.11  Evaluation of closed loop characteristics for Robustness:  
Sensitivity: Qu-y is low gain at low frequency.  

Complementary sensitivity: w-y is low gain at high frequency. 
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4.6.  
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Fig.4.12 Fluctuation of plant according to vehicle 

each velocity (37km/h, 60km/h). 
Fluctuation of plant is defined G60 (G37)-1. 

Where, G60 is transfer function of plant 
@ velocity: 60km/h. 
G37 is transfer function of plant 
@ velocity: 37km/h. 

Red line indicates control band of plant. 
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Fig.4.13 Evaluation of open loop characteristics for 
stability margin: The Nyquist Loci is 
separated from the origin at low frequency 
and approach to the origin at high 
frequency and stability margin is very 
large. 
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Appendix 
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Fig. 5.1  Comparison of design processes between MFD and MBD. 
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Fig. 5.2  Comparison of control system configurations between MFD and MBD.  
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5.2.2.  

5.3

 

(5.1)  

                                                (5.1) 

 

(4)

 

(δc )

) ( )

)

(Load )  

 

 

 

 

 

 

Fig. 5.3  The model of small engine-generator for control plant. 

 

5.2.3. MM_OBSV  

MM(Model Matching) (5) 5.4 G(s) 

(r ) (u ) (y ) (x ) (F )

(Model) (R ) 1 (0dB)

r →y (Matching )  
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Fig. 5.4  MM (Model Matching) control law. 

 

MM 5.1

5.5  

(6) 5.5 Ge

( ) ( )  

( )

( ) ( )  

 

(a) ( ) (7)

(5)  

(b) ( ) [ ]

[ ] [ ] [

]  

(c) ( ) ( )  

(d) (a)  

 

Table 5.1  Symbol description of Fig.5.5. 

q System noise (white noise) B Input gain 

w Observation noise (white noise) C Output gain 

yh Observation data Ch Observation data gain 

 Estimation state Qu Input disturbance 

A System matrix  Estimated input disturbance 
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Fig. 5.5  The robust controller with optimal observer.  

 

5.2.4. MBD  

MBD MATLAB® /Simulink®(8) Simulink® 

C

 

Simulink® MM

5.2 5.6 5.6

 

 

 

 

Table 5.2  Symbol description and simulation variable of Fig.5.6. 

Ae System matrix Ge Observer gain A21 Cross feedback gain 

B2 Input gain Fe MM state feedback gain A22 Feedback gain 

u Control input  R MM feedforward gain B11 Input gain 

δ Throttle opening angle A11 Feedback gain B22 Input gain 

Che Observation data gain A12 Cross feedback gain  
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Fig.5.6  The simulation block diagram of MBD by Simulink®. 

 

5.2.5. Simulink®  

5.6 5.3

MM_OBSV 5.6

Engine model (A11, A12, A21, A22, B11, B22) (5.1)

5.6 Engine model Load A11

ζ
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5.7 5.9

PID

 

MM_OBSV

MM_OBSV

PID P

MM_OBSV

 

(1)  

( ) MM 5.7

( ) ( ) MM_OBSV PID

P ( )

 

(2)  

(Load)

5.8 ( ) PID

P   

(3)  

MM_OBSV

( P) 5.9 P

±50

( )  

PID P
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( ) MBD

5.2.1

 

 

Table 5.3  The simulation conditions (nominal model).  

Throttle motor time constant (Ts) 0.5 s Generator damping coefficient (ζ) 1 

Natural frequency of engine (ωn) 6.28rad/s Input gain of  (B11) 0 

Generator load (L) 1 kW Input gain of  (B22) 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MM_OBSV control law PID control law 

Fig. 5.7  Responses to control input (Left shows MM_OBSV, Right shows PID).  

MM_OBSV control law PID control law 

Fig. 5.8  Influences by Load varying (Left shows MM_OBSV, Right shows PID).  
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Fig. 5.9  Influences by modeling error (Left shows MM_OBSV, Right shows PID).  

 

5.3. MM_OBSV  

5.2.5

 

5.3.1.  

5.10

5.4  

(1) Simulink® MATLAB® RTW 

(Real-Time Workshop®) C

AD7011-EVA  

(2) AD7011-EVA GUI(Graphic User Interface)

 

(3) AC100V

(5.2)  

P=Tω (5.2) 

where,  P : power(W),  T : torque(Nm),  ω : engine revolution(rad/s)

MM_OBSV control law PID control law 

Black line shows nominal model, Red line shows varying model A22 1.5, B22 0.5 and 
Blue line shows varying model A22 0.5, B22 1.5 
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Table 5.4  Experimental conditions 

 

 

 

 

 

 

 

 

 

Fig. 5.10  Configuration of the experimental equipment 

 

5.3.2.  

MM_OBSV 5.11, 5.12 5.13, 

5.14 5.11, 5.12 PID

 

MM_OBSV

MM_OBSV

PID

PID

 

Based engine generator model MHI MGC2200G (Ref.) 

Engine fuel Simulated bio-methane gas (CH4 100%) 

Generator load 0W / 1,000W 

Rated engine revolution 3,400 rpm 

Engine controller MBD controller  (AD7011-EVA) 
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MM_OBSV

 

 

(1)  

5.11 ( ) ( ) MM_OBSV

2s PID P

( ) 4s

MM_OBSV

5.2.5 (1)  

 

(2)  

5.12 MM_OBSV PID ( )

MM_OBSV

5.2.5 (2) ( 5.8)

( ) MM_OBSV

PID PID

MM_OBSV ( ) ( )

MM_OBSV

5.2.5 (2)

( )  

5.13 MM_OBSV

5.13  MM_OBSV

0 → 1000W (0 → 2.81Nm )

(Load) MM_OBSV

( ) ( ) -3Nm

5.13 MM_OBSV

0 → 1000W (0 → 2.81Nm )

(Load) MM_OBSV

( ) ( ) -8Nm
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(3)  

5.14 5.2.5 (3)  

5.14 MM_OBSV

( )

MM_OBSV

PID

 

 

 

 

 

 

 

 

 

Fig. 5.11  Responses to control input (Left shows MM_OBSV, Right shows PID).  

 

 

 

 

 

 

 

 

 

 

Fig. 5.12  Influences by Load varying (Left shows MM_OBSV, Right shows PID).  

 

 

MM_OBSV control law PID control law MM_OBSV control law

MM_OBSV control law PID control law PID control law
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Fig. 5.13  Disturbance estimation to Load varying of MM_OBSV control law 

 

 

 

Fig. 5.13  Disturbance estimation to Load varying of MM_OBSV control law 

(Left shows simulation, Right shows experiment)  

 

 

 

 

 

 

 

 

 

 

Fig. 5.14  Influences by modeling error of MM_OBSV control law.  

 

 

 

Simulation result Experimental result 

Fig.g.g.g.g.g.g.g.g.g.ggggggggg  5.13 Diiiiiiiiiiiiiiiiistssssststss urbance eeeee eseeeeeeeeee timationnnnnnnnnnn ttttto Load vvvvaaaaaraaaaa yin of MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM_O_O_OBSVVVVVVVVV cococococococoocoococococontnntnntntnnnntnnnn rol laaaaawwwwwwww

MM_OBSV control law 

Black line shows nominal model, Red line shows varying model A22 1.5, B22 0.5, 
and Blue line shows varying model A22 0.5, B22 1.5.  
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5.4.  

(1) MBD Simulink®

MATLAB® RTW Real-Time Workshop®

 

(2) MM_OBSV MBD PID

 

(3) MBD MM_OBSV

MBD MM_OBSV

 

(4) 

 

(5) 

 

(6) 

 

(7) 

MM

PID  

(8) MBD

 

(9) MBD  

(a)  

(b)  
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(c)  

(d)  

(e) MM_OBSV  
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6  
(1) 

 

6.1.  

MM_OBSV

 

MM_OBSV  

(1)  

 

(2)  

PID  

(3)  

100

 

(4)  

(±20 )

 

 

6.2.  

 

(1) PID (2)  

(2) 2 LQG Linear Quadratic Gaussian (3)  

(3) STR Self Tuning Regulator (4)  

(4) (5)  

(5) (6)  

(6) LQI Linear Quadrature Integral (7)  
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MM_OBSV

 

 

6.2.1.  

Crossley Cook(1991)(8)

Simulink® Triggered Subsystem

(9)

(10)

(9)  

(6.1) (6.2) 6.1 

6.1 6.1 6.1 2 2.2.3

6.1 ζ 2 2.2.3

ζ=4.52, =2.24rad/sec

ζ=1.0 =1.2 rad/sec

 

6.2  

 

 

 

  

(6.1) 

(6.2) 
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Table 6.1  Simulation parameters of each engine model 

Nomen- 

clature 
Description 

 

Units 

 

Engine of observer 

model values 

Engine of plant 

model values 

B11 Not applicable - 0 0 

B22 Input gain - 
1.44 

±20% 
1.44 

A11 Load Nm 0 0 or 2.25 

A12 1 - 1 1 

A21  (rad/s)2 1.44 1.44 

A22  - 
2.4 

±20% 
2.4 

δ Throttle opening rad 

State variable  State variable 
ω 

Engine angular 

velocity 
rad/s 

 
Engine angular 

acceleration 
rad/s2 

 

Fig. 6.1  The state variable diagram of simulation engine plant model for input disturbance 

defined load fluctuation and modeling error.  
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6.2.2. MM_OBSV  

(11)

 

(1)  

MM 6.2 G(s)

ref. u y x

F R ref.→y  

r u y

x [ ω δ]

 (-1.2±j0, -1.6±j0) 

6.3 MM

 

 

 

 

 

 

 

Table 6.2  Engine plant model for simulation and verification to load fluctuation  

Case 

Model 

Simulation Verification 

No load Load No load Load 

Engine model for Plant A11=0 A11=2.25 0W 800W 

Engine model for 

Observer 
A11=0 A11=0 A11=0 A11=0 

 
Fig. 6.2  Control block of the model matching (MM) controller.  

ref. R

F

u y

x
F

x
G(s)+



 

98 
 

 

 

 

 

(2)  

6.3  

(a) q( ) (12) Qu  

(b) Qu
(13)

 

(c) Qu

 

(d) Qu

  

(e) Qu y

r

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3  Desired response by the MM controller. 

Description Values 

Desired engine characteristics poles -6 ± j6 

 
 

Fig. 6.3  Control block of the optimal observer system configured by MM control.  

q 1/s
u

yhyh

F+

=Ax+B(u+Qu)
y =Cx,  yh=Ch x+w Optimal observer

Plant
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6.2.3.  

(6.3)  

 

 

 

 

 

where, 

v=B1q:system noise, w:observation noise 

 

 

Ch: observation matrix 

 

6.2.4.  

(6.3) (6.4) (6.5) Ge (6.6)

yh ex̂

 

 

 

where, 

V: covariance of system noise, 

W: covariance of observation noise 

 

 

 

where, 

 

 

(6.4) 

(6.5) 

(6.6) 

(6.3) 
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6.3. MM_OBSV  

MM_OBSV

Simulink 6.4 6.4  

(6.1) A11

A11   

B22 A22 ±20

B22 = 1.44 A22 = 2.4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 6.4  Simulink® model for simulation. 

δu
MM controller Throttle valve motor model

Engine model

Optimal observer
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6.3.1.  

6.5 MM_OBSV

6.6   

0 → 800W→ 0 (3,400rpm 0 → 2.25Nm→ 0 )

 

6.6   ( 6.6 (b))

  ( 6.6 (c))   ( 6. 6 (d)) (6.3)

6.6   ( 6.6 (b))

  ( 6.6 (c)) 6.5   ( 6.5 (b))

  ( 6.5 (c))

  ( 6.6 (e)) 6.5

  ( 6.5 (b)) 356 rad/s ( 3,400 

rpm)  

  ( 6. 6 (d))   ( 6.5 (d)) 

 

 

 

Table 6.4  Nomenclature in Fig. 6.4. 

r Reference 
command  Observation ω R 

MM 
feedforward 
gain 

Ge Observer gain 

u Control input 
 

 
Estimation ω Fe MM state 

feedback gain 
Ch

e 

Observation 
data gain 

δ 
Throttle 

opening 
 Estimation  Ts Throttle time 

constant 

B11, B22, A11 - A22 : 

Refer to Table 6.1. 
 

Engine 
rotation 
acceleration 

 Estimation δ B2 Input gain 

ω 
Engine 
rotation  
speed 

 Estimated input 
disturbance Ae Observer system 

matrix 



 

102 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

(a) is the input disturbance (load fluctuation), (b) is the engine rotation speed, (c) is the 

engine rotation acceleration and (d) is the throttle opening. 

Fig. 6.5  States varying by the load fluctuation.  

MM_OBSV control law
( Plant states )

Load [Nm]

[rad/s]

[rad/s2]

[rad]

[s]

[s]

[s]

[s]

2.25[Nm]
(a)

(b)

(c)

(d)
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine rotation speed,  

(c) is the estimated engine rotation acceleration, (d) is the estimated throttle opening and  

(e) is the estimated input disturbance. 

Fig. 6.6  Estimate states by the load fluctuation.  

MM_OBSV control law
(Estimate states )

[s]

[s]

[s]

[s]

[s]

Load [Nm]

[rad/s]

[rad/s2]

[rad]

2.25[Nm] (a)

(b)

(c)

(d)

(e)
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6.3.2.  

6.7 B22 A22 ±20

 ( 6.7 (b)) 

  ( 6.7 (c)) 356 rad/s ( 3,400 rpm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
(a) is the load fluctuation, (b) is the estimated input disturbance and (c) is the engine 

rotation speed. And input disturbance is modeling error. 
Line indicates nominal model, dashed line indicates fluctuation model A22×1.2, B22×0.8 and 

dash-dotted line indicates fluctuation model A22×0.8, B22×1.2. 

Fig. 6.7  States varying by modeling error of the MM_OBSV controller. 

MM_OBSV control law 

Load [Nm]

[rad/s]

[s]

[s]

[s]

2.25[Nm] (a)

(b)

(c)
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6.4. MM_OBSV  

6.3 MM_OBSV

MM_OBSV  

6.8 6.5 ECU

6.8

ECU

ECU 1,000

1kHz  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dashed line shows additional equipment for the experiment.  

Fig. 6.8  experimental configuration diagram. 

M

Silencer

Gene-
rator

Throttle valve

Engine
oil

Exhaust
gas

Air

Zero
governor

Air
filter

Inver-
ter

Internal
ECU

Ignition coil

Regulator 3kPa

M

External
ECU

Fuel Load
(AC100V)

A/F sensor

A/F ratio

Rotation 
speed

Choke valve
Engine generator

ECU : Engine Control Unit
A/F ratio : Air by Fuel ratio
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6.3

 

MM_OBSV PID

PID 6.9 6.6

y r r y d

PID δ  

 

 

 

 

 

 

Table 6.5  Specification of base engine generator in Fig. 6.8. 

En
gi

ne
 

Engine type Air cooling 4-stroke OHV gas engine 

Engine displacement 0.181 L 

Bore-Stroke 68 mm×50mm 

Rated power 3.4 kW (4.7PS) / 2800 rpm 

Max. power 4.6 kW (6.3PS) / 4000 rpm 

Max. torque 11.6Nm/2800rpm 

Normal use fuel LPG (Propane Gas) 

Ignition type Fly wheel magnet 

Starting type Recoil starter 

Throttle control method Electronic governor 

G
en

er
at

or
 

Generator type AC inverter generator 

Voltage adjustment type Inverter type 

Rated frequency 50/60 Hz switchable 

Rated output 2.2 kVA (AC100 V×22 A) 
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6.4.1.  

6.10 6.11 6.3.1

6.10

6.11 0 → 800W→ 0 (3,400 rpm 0 → 2.25Nm→ 0 )

6.11   ( 6.11 (b))  

 ( 6.11 (c))   ( 6.11 (d))

  ( 6.11 (e)) 6.10    

 

Fig. 6.9  Control block diagram of the PID controller.  

d δ

Table 6.6  Nomenclature in Fig. 6.9. 

d Deviation δ Control variable 

PG Proportional gain DG Differential gain 

IG Integral gain DF Differential filter gain 
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( 6.10 (b)) 356 rad/s ( 3,400 rpm) 

 

  ( 6.11 (d))   ( 6.10 (c)) 

  ( 6.11 (e)) Load ( 6.10 (a)) 

 

MM_OBSV   50 rad/s (480 rpm) 6.12

PID 80 rad/s (760 rpm) MM_OBSV

PID 6.11   (

6.11 (e))   ( 6.10 (b))

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) is the input disturbance (load fluctuation), (b) is the engine rotation speed and (c) is the 
throttle opening. 

Fig. 6.10  States varying by the load fluctuation. 

MM_OBSV control law
( Plant states )

[ms]

[ms]

[ms]

Load [Nm]

[rad/s]

[rad]

50[rad/s]

2.25[Nm] (a)

(b)

(c)
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine rotation speed, (c) 

is the estimated engine rotation acceleration, (d) is the estimated throttle opening and (e) is 

the estimated input disturbance. 

Fig. 6.11  Estimate states by the load fluctuation. 

[ms]

[ms]

[ms]

[ms]

[rad]

[rad/s2]

[rad/s]

Load [Nm]

[ms]

MM_OBSV control law
(Estimate states )

2.25[Nm] (a)

(b)

(c)

(d)

(e)
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(a) is the input disturbance (load fluctuation) and (b) is the engine rotation speed.  

Fig. 6.12  States varying by the load fluctuation.  

PID control law 

[rad/s]

Load [Nm]

[ms]

[ms]

2.25[Nm]

80[rad/s]

(a)

(b)
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6.4.2.  

6.13 5.3.2

0 → 800W → 0 (3,400 rpm 0 → 

2.25Nm → 0 ) 6.13   ( 6.13 (b))

  ( 6.13 (c))

PID

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 
(a) is the load fluctuation, (b) is the estimated input disturbance and (c) is the engine 

rotation speed. And input disturbance is modeling error. 
Line indicates nominal model, dashed line indicates fluctuation model A22×1.2, B22×0.8 and 

dash-dotted line indicates fluctuation model A22×0.8, B22×1.2. 

Fig. 6.13  States varying by the modeling error of the MM_OBSV controller. 

Load [Nm]

[ms]

2.25[Nm]

[rad/s]

[ms]
70[rad/s]

MM_OBSV control law 

[Nm]

[ms]

(a)

(b)

(c)
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6.5.  

6.3.1 6.4.1

  

 (  Load )

 

 

6.5.1.  

6.2.1

 (6.7)  (6.8) 

6.14 6.7  

6.2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig. 6.14  The state variable diagram of simulation engine plant model.  

Load varying

+
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Table 6.7  Simulation parameters of each engine model.  

Nomen-
clature Description 

 
Unit 

 

Engine of  
observer 

model 
values 

Engine 
of  

plant 
model 
values 

Ts Throttle motor 
Time constant s 0.6 0.6 

B11 Not applicable - 0 0 

B22 Input gain - 1.44 1.44 

A11 Load Nm 0 0 or 2.25 

A12 1.0 - 1.0 1.0 

A21  (rad/s)2 1.44 1.44 

A22  - 2.4 2.4 

δc Desired throttle opening rad 

State 
variable  

State 
variable 

δ Throttle opening rad 

 Engine angular velocity rad/s 

 Engine angular 
acceleration rad/s2 

(6.7) 

(6.8) 
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6.5.2. MM_OBSV  

6.2.2 MM_OBSV MM_OBSV

6.15 6.8

 (6.9)  (6.10)  

MM_OBSV (MM)

 

 

(1) q( ) (12)  

(2) (13)

 

(3)    

 

(4)  

(5) 

 2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.15  Algorithm of control block of the MM_OBSV 

Observation 
noise w

2 1

:

,
e e e

h he e

Plant
x A x B u B q
y Cx y C x w
e e e 2

2

:
ˆ ˆ ˆ( )

ˆ( )
e e e e h he e

e e he e e h

Observer

x A x B u G y C x
A G C x B u G y

ˆ ˆ̂

Fe=[F -1]

u

r

System noise q
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MM controller
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where, w(t) Observation noise 

 

  

Table 6.8  Nomenclature in Fig.2 

r Reference command yh Observation data 

u Control input x State variables 

w Observation noise  Estimation state variables 

q White noise  Estimated input disturbance 

Qu Input disturbance F MM state feedback gain 

y Controlled output R MM feedforward gain 

Ae, Be, Ce Extended matrix of A,B,C 

(6.9) 

(6.10) 

( )ˆ tex ( )ˆexe eA ( )ˆ tex 2B

heC ( )tex
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6.5.3.  

MM_OBSV 6.3.1

6.16 MM_OBSV 6.17  

0W → 800W→ 0W (3400rpm 0Nm → 2.25Nm→ 0Nm )

6.6 6.17

6.6

6.5 6.3.1

6.17 6.16

6.16 356 rad/s ( 3,400 

rpm)  
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine angular velocity, (c) 

is the estimated engine angular acceleration, (d) is the estimated throttle opening and (e) is 

the estimated input disturbance. 

Fig. 6.16  Estimate states by the load fluctuation  

(Improved Model) 

(d)

[s]

MM_OBSV control law
( Plant states )

[s]

[s]

[s]

Load [Nm]

[rad/s]

(a)

(b)

(c)
[rad/s2]

[rad]

2.25[Nm]
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine angular velocity, (c) 

is the estimated engine angular acceleration, (d) is the estimated throttle opening and (e) is the 

estimated input disturbance. 

Fig. 6.17 Estimate states by the load fluctuation 

(Improved Model) 

[s]

[s]

[s]

[s]

[rad/s2]

[rad/s]
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6.5.4.  

MM_OBSV 6.4.1
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MM_OBSV 6.19  
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(a) is the input disturbance (load fluctuation), (b) is the engine angular velocity and (c) is the 

throttle opening. 

Fig. 6.18  States varying by the load fluctuation 

(Improved Model) 
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine angular velocity, 

(c) is the estimated engine angular acceleration, (d) is the estimated throttle opening and (e) 

is the estimated input disturbance. 

Fig. 6.19  Estimate states by the load fluctuation 

(Improved Model) 
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6.6.  
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6.7.  
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7 GET  
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Fig. 7.1  Cross section of bio-methane production field. 
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7.2.2. GET  
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Fig. 7.2  Bio-methane production field of GET system. 

Ridges plowing rice straw

Gas storage bags Liner sheets

Water

Gas storage bags and liner sheets are connected by tubes.



 

128 
 

(1)  

(2) 

 

(3) 

 

(4) 

CO2 CO2

 

(5) 

 

(6)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.3  Energy circulation by GET system. 
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7.3.  

24 kg

300L 60

 

℃ 70

12  

1267 1 GET

7.1 60%

 

 

 

 

 

 

 

 

 

 

 

 

13,300kcal/kg

5,000 7,000kcal/kg 9,250kcal/kg (6)

CH4 H/C CO2

(7)(8)  

Table 7.1  Composition of bio-methane gas produced by GET system. 

( Measured in 6/11/2017 ) 

Component Concentration (%) 

Methane 60.6 

Hydrogen 0 

Oxygen 1.7 

Carbon dioxide 33.4 

Nitrogen 4.3 
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7.4.  

7.4.1.  

(1)  

GET

7.4

2.5kPa

 (AC100V, 100W ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2)  

7.2  

 

 

 

 

 

Fig. 7.4  Experimental configuration of small gas engine generator.  

Bio-methane production field

Small gas engine generator

Generator load (Electric lamp)

Gas holder (gas tank)

Gas tube

Gas tube

Electrical wire

CH4

CH4

Table 7.2  Experimental condition of small gas engine generator.  

Supply gas pressure 2.5kPa 

Main jet diameter 3.2φ 

Electronic governor control MM_OBSV control 
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7.4.2.  

(1)  

GET

7.5

2.5kPa

3 AC100V  (AC100V, 100W ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2)  

7.3  

 

 

 

 

 

 

 

Fig. 7.5  Experimental configuration of cogeneration system (ECOWIL).  

Bio-methane production field

Cogeneration system (ECOWIL)Gas holder (gas tank)

Gas tube

Gas tube

Electrical wire
CH4

CH4

Commercial power
supply

(1φ3W,AC100V)

Generator load (Electric lamp)

Table 7.3  Experimental condition of cogeneration system (ECOWIL).  

Supply gas pressure 2.5kPa 

Main jet control Bang bang control 

Electronic governor control MM_OBSV control 
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7.5.  

7.5.1.  

7.6 7.7 2.2 MM_OBSV

7.3

7.4

55.2% 5%

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.6

7.7 0 → 800W→ 0 (3,200 rpm 0 → 2.39Nm→ 

0 ) 7.7   ( 7.7 (b))

  ( 7.7 (c))   ( 7.7 (d))

  ( 7.7 (e)) 7.6

Table 7.3  Experimental condition of small gas engine generator (MEGASEG). 

Fuel Bio-methane gas 

Desired engine rotation speed 3,200 rpm 

Electronic governor control MM_OBSV control 

Table 7.4  Composition of bio-methane gas for engine fuel  

produced in Knowledge Hub Aichi. 

( Measured in 27/10/2017 ) 

Component Concentration (%) 

Methane 55.2 

Hydrogen 0 

Oxygen 2.3 

Carbon dioxide 35.4 

Nitrogen 7.1 
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  ( 7.6 (b)) 335 rad/s ( 3,200 rpm) 

 

  130 rad/s (1,240 rpm)

335 rad/s ( 3,200 rpm) 

7.7   ( 7.7 (e))

  ( 7.6 (b))

 

  ( 7.4 (c))

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) is the input disturbance (load fluctuation), (b) is the engine rotation speed and (c) is the 

throttle opening. 

Fig. 7.6  States varying by the load fluctuation. 

MM_OBSV control law
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine rotation speed, (c) 

is the estimated engine rotation acceleration, (d) is the estimated throttle opening and (e) is 

the estimated input disturbance. 

Fig. 7.7  Estimate states by the load fluctuation.  
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7.5.2.  

7.8 7.9 2.3

MM_OBSV 7.5

7.6 55.2%

5%   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.8

7.9 700 → 900W→ 700 (2,000 rpm 3.35 → 

4.31Nm→ 3.35 ) 7.9   ( 7.9 (b))

  ( 7.9 (c))   ( 7.9 (d))

  ( 7.9 (e))

7.8   ( 7.8 (b)) 209 rad/s ( 2,000 

rpm)  

Table 7.5  Experimental condition of cogeneration system (ECOWIL). 

Fuel Bio-methane gas 

Desired engine rotation speed 1,980 rpm 

Electronic governor control MM_OBSV control 

Table 7.6  Composition of bio-methane gas for engine fuel  

produced in Knowledge Hub Aichi. 

( Measured in 27/10/2017 ) 

Component Concentration (%) 

Methane 55.2 

Hydrogen 0 

Oxygen 2.3 

Carbon dioxide 35.4 

Nitrogen 7.1 
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  10 rad/s (96 rpm)

7.9   ( 7.9 (e))   (

7.8 (b))

 

  ( 7.8 (c))

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) is the input disturbance (load fluctuation), (b) is the engine rotation speed and (c) is the 

throttle opening. 

Fig. 7.8  States varying by the load fluctuation.  

MM_OBSV control law
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(a) is the input disturbance (load fluctuation), (b) is the estimated engine rotation speed, (c) is 

the estimated throttle opening and (d) is the estimated input disturbance. 

Fig. 7.9  Estimate states by the load fluctuation.  
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8.2. MM_OBSV  
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8.3.  

(MBD, Model Based Development)

MBD (MFD, Model Free 

Development) MBD  

MBD
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Fig. A.1.2  Gain margin, Phase margin @ Open loop transfer function. 
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A.1.4.  

A.1.3 r

 

 

F State feedback gain,  R feed forward gain 

Fig. A.1.3  MM controller. 
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R  

 

 

 

 

 

 

 

 

 

 

Simulink A.1.4  

Fig. A.1.4  Simulink of MM controller. 



 

152 
 

 

MM controller A.1.5  

A.1.6  

 

 

 

Fig. A.1.5  Purpose of Feedback and feedforward 

  

 
Fig. A.1.6  Purpose of Feedback and feedforward. 
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A.1.5.  
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A.1.6. MM  

MM A.1.7  

 

Fig. A.1.7  Overall system configuration 
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