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Free piston engine generator is an effective alternative to conventional range ex-
tender, which is able to facilitate the transportation sector decarbonization at-
tributed to its high thermal efficiency and ultimate fuel flexibility. However, due 
to the lack of crankshaft mechanism, stable and robust operation of free piston 
engine generator is difficult to achieve since various disturbances may exist dur-
ing its operation. In this paper, a combustion stability control based on active 
disturbance rejection control algorithm was proposed for a single piston free pis-
ton engine generator. To develop this control, a thermodynamic model of the free 
piston engine generator system was calibrated and validated through experi-
mental data. Afterward, a 2nd order active disturbance rejection control based 
speed control was developed by leveraging the developed free piston engine gen-
erator model. The proposed active disturbance rejection control was employed 
into multiple abnormal combustion scenarios through a simulation, including 
various fuel heat released, ignition positions and burn durations, aimed to verify 
the control ability of rejecting disturbances and enhancing the robustness of the 
free piston engine generator operation. 
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Introduction  

Free piston engine generator (FPEG) that works as a range extender for electric ve-

hicles is regarded as one of the promising technologies. Compared with the conventional in-

ternal combustion engine, the FPEG has the advantages of the simplest structure, the ultimate 

freedom of piston motion, as well as higher thermal and mechanical efficiency [1]. In addi-

tion, various renewable fuels can be employed into the FPEG to further facilitate the decar-

bonization due to its capability of achieving variable compression ratios [1]. In FPEG, trajec-

tory of piston is no longer constrained by the crankshaft mechanism, but determined by the 

gas dynamics in combustion cylinder and the loading dynamics in real time. With numerous 

uncertainties, significant cycle-to-cycle variations and considerable periodic disturbances may 

exist during the combustion process, which makes it a remarkable challenge to achieve con-

tinuous and stable operation of the FPEG [2, 3].  

–––––––––––––– 
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Currently, several control strategies have been employed to FPEG. Mikalsen [4] in 

Newcastle University developed a single piston free-piston engine generator. A piston motion 

controller was constructed to improve its dynamic performance. The controller response was 

based on a prediction of engine top dead center error instead of the measured value from the 

previous cycle. Compared with standard PI feedback control, the proposed control approach 

had excellent performance [5].  

Some researchers [6-8] presented two control strategies based on the position feed-

back control method. In order to generate electricity and stabilize combustion, the first control 

approach adjusted the generating load coefficient to ensure piston motion follows the refer-

ence profile based on position and velocity of the piston. The second method was resonant 

pendulum type control method based on speed control and was activated only around the cen-

ter of the piston stroke. The experimental results showed that the proposed control method is 

effective to achieve stable and continuous operation of FPEG. 

Jia et al. [9] proposed cascade control strategy for the piston stable operation level, 

and proportional, integral, and derivative (PID) controllers were employed in both of the outer 

and inner loop. The simulation results showed that the proposed cascade control implemented 

in the FPEG had a good tracking performance, and it was improved in terms of the control de-

lay, peak error and settling time.  

Li et al. [10, 11] developed an active piston motion, namely the virtual crankshaft, 

and implemented it into an opposite-piston opposite-cylinder free piston engine. The experi-

ment result demonstrated the effectiveness of the controller. Based on this achievement, 

Zhang et al. [12] in University of Minnesota proposed a trajectory-based combustion control 

method that is able to optimize the combustion process of multiple renewable fuels. The simu-

lation results showed that the trajectory-based combustion control realizes the co-optimization 

of fuels and engine operation. 

Lu et al. [13] developed a prototype of an opposed-piston engine generator. To sta-

bilize the operation of such a system, an opposed-piston synchronous motion control strategy 

on the basis of master-slave position following and a compression ratio control based on ANN 

were proposed. The simulation results showed that the system reached stable operation and 

the compression ratio was well controlled. 

Dinh and Ocktaeck [14] presented a dual FPEG. Their research described a simula-

tion investigation of a predictive-fuzzy logic control method conducted on the dual FPEG. 

According to the results, predictive-fuzzy logic control is more effective than PID in terms of 

settling time, TDC error, and cycle-to-cycle variation. 

Bo et al. [15] derived the non-linear dynamic model simulating the piston motion in 

a dual-piston free piston linear engine based on energy and force balance. The researchers de-

signed a magnetoelectric load controller with motion stroke feedback to maintain the piston 

position in a predefined compression ratio by regulating the magnetoelectric force. The simu-

lation results had been shown to have good control performance for the free piston linear en-

gine system. 

While many control strategies have been proposed by Ahmed et al. [16], these con-

trols either are still based on the classical PID controls and require large efforts on the calibra-

tion of the related control gains, or demand a remarkable commitment to conduct system iden-

tification or develop neural network based models. These control strategies may not be suffi-

cient for the FPEG tracking control, since the controlled plant is highly non-linear and pos-

sesses various uncertainties and disturbances during the combustion operation. As a result, an 

appropriate controller must have significant robustness to achieve an acceptable level of 
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tracking performance against a diversity of uncertainties and disturbances. This study is then 

motivated to construct a new tracking controller for FPEG, which emphasizes the ability to 

deal with multiple disturbances in an intelligent manner. The active disturbance rejection con-

trol (ADRC) was leveraged herein due to its reputation on dealing with system uncertainties 

and its capability of generating both excellent static and dynamic performance [17].  

Prototype test bench 

The prototype of FPEG are presented in fig. 1. The test rig mainly consists of a two-

stroke engine, a linear electrical machine, an air spring, a scavenge system, and a fuel supply 

system. The two-stroke engine employs in-cylinder direct injection and spark plug ignition 

technology. The linear electrical machine is a tubular type of linear permanent magnet syn-

chronous motor-generator integration machine. Air spring is employed as the rebound device. 

Scavenge system adopts an external air source to provide constant air pressure 1.4 bar. The 

control system utilizes National Instruments Compact RIO-9039, a modular high performance 

embedded controller. The fuel-air equivalence ratio is employed as 1 in the test. Fuel injection 

timing is set as the time when the piston reaches 19.5 mm from the TDC, while the exhaust 

port is just closed. The spark timing is first set as the time when the piston reaches 9.5 mm. 

The prototype parameters are listed in tab. 1 [18] 

 

Figure 1. The FPEG prototype 

Table 1. Prototype specification 

Calibration and validation of the model  

The typical simulation model had been reported in [19-24], and the accuracy of 

FPEG model mainly depended on the thermodynamics model. Therefore, the focus of this 

section is to calibrate and validate the in-cylinder combustion process.  

Parameters Value 

Two-stroke engine bore [mm] 50 

Air spring bore [mm] 50 

Maximum stroke length [mm] 85 

Maximum compression ratio 18.5 

Linear machine force constant [N/A] 93 

Back EMF constant [Vpkm–1s–1] 107.4 

Linear machine resistance at 25 ℃ [Ω] 16.93 

Air spring chamber intake pressure [bar] 1.5 
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Calibration of combustion process 

For the sake of convenience, the gas pressure of the combustion chamber was set as 

the fixed scavenging pressure when the scavenging port is open. After the exhaust port closed, 

the variation of air pressure in the combustion chamber is given by [25]:  

 
eng eng eng htin

eng eng

d d dd1

d d d d

P P V QQ

t V t V t t




  
    

 
  (1) 

where Peng is the instantaneous air pressure in the combustion chamber, γ – the specific heat 

ratio, Veng – the instantaneous volume of the combustion chamber, Qin – the heat input from 

combustion, and Qht – the heat transfer to the engine wall. 

The mass fraction burned χ is usually represented by the exponential Wiebe function 

[19]: 
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The heat release rate can be written [19]: 
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where a and m are adjustable parameters, t0 – the initial time of combustion, and Δt – the 

combustion duration. 

In Wiebe combustion function, a and m are adjustable parameters that determine the 

shape of the in-cylinder pressure curve. Constants of a and m have been employed by [19, 21, 

22] to analyze the influence of load or combustion parameters on FPEG. The reported values 

of 𝑎 and 𝑚 are grouped into three cases in tab. 2.  

Table 2. values of 𝐚 and 𝐦 pairs in literature search 

 

The piston displacement profile obtained from the experimental test is imported into 

MATLAB/SIMULINK model. Change the mixture mass (absolute mass of air and fuel) to 

keep the maximum in-cylinder pressure constant. Then, the parameters a and m are adjusted to 

ensure that the shape of the simulated in-cylinder pressure agrees well with the experimental 

pressure measurement. Figures 2(a) and 2(b) shows the pressure shape with varying parameters 

a and m. When the parameter m decreases while a being a constant, the pressure profile tends 

to shift left. With m fixed and a decreasing, the pressure curve tends to shift right, especially 

after the maximum pressure point. Figure 2(c) illustrates the error of simulation and experi-

Case Values of a and m  Reference 

Case 1 a = 5, m = 2 [19, 21, 22] 

Case 2 a = 6.908, m was not mentioned [26-28] 

Case 3 a and m were not mentioned [20, 23, 24] 
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mental test in consecutive five cycles. The simulation curve is closest to the experiment profile 

when a = 6.908 and m = 2, and this agreement can also be observed in fig. 2(d). 

  

   

Figure 2. Combustion pressure calibration results  

Validation of modeling 

The piston displacement, pressures in 

combustion chamber and air-spring chamber 

obtained from simulation model and test data 

are compared in fig. 3. The displacement from 

numerical model shows similar trends with test 

data, while the observed TDC are almost iden-

tical and the error of the bottom dead center can 

be controlled less than 0.55 mm. The simulated 

pressures in combustion chamber and air spring 

chamber agree well with the test data. The sim-

ulation model is highly accurate to predict the 

actual FPEG performance.  

 

Figure 3. Comparison of experiment data and 

model results  
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Active disturbance rejection control speed controller system  

Active disturbance rejection control introduction 

The ADRC was proposed by Jingqing Han in 1998. Compared with classical PI con-

troller design, the disturbances and non-linear dynamics are considered in ADRC. The ADRC 

has been utilized widely in many fields due to its high precision, fast response, simple struc-

ture, strong disturbance-rejection capability, and easy parameters adjusting. The ADRC is 

composed of three components as shown in fig. 4: tracking differentiator (TD), extended state 

observer (ESO), and non-linear states error feedback (NLSEF) [29, 30]. The 2nd order ADRC 

can be formulated [30]:  
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where f is the total disturbances of the plant (which compounds all the unknown disturbances 

and known dynamics), b – a constant, and u – the plant input. Figure 4 shows the ADRC 

structural schematic. In this figure, y1, y2, are tracking signals, z1, z2, z3 are the estimation of 

plan output y, ei (i = 1, 2) is the tracking error, u0 is the output of NLSEF. 

 

Figure 4. The ADRC structural schematic 

 Active disturbance rejection control design  

for free piston engine generator 

The linear machine is a critical component of the FPEG, which manipulates the elec-

tromagnetic force to achieve the continuous and stable operation of the system [7]. In this pa-

per, the linear machine also works as the control plant and other forces acting on the piston 

are regarded as an external load.  

Based on the linear machine model and Newton’s second law, the following equa-

tion can be achieved: 
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Since * 0di   is usually employed in linear machine control, then id = 0 is adopt 

here as well. Differentiate eq. (5) to get the following: 
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The relative diq/dt is shown [31]: 
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So, eq. (8) can be obtained: 
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where R is the esistance of armature coil, uq – the q-axis voltage, and Ft – the load force in-

cluding friction force and gas forces in the combustion chamber and air spring chamber, re-

spectively. 

Let: 
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and substituting x1, u, f, and b into eq. (4) yields: 
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For the 2nd order speed controller design for FPEG system, the variable to be con-

trolled is the piston speed ,y v  and the controller output, also known as the FPEG system 

input, is the q-axis voltage reference .qu u  The speed loop is controlled by ADRC, and the 

current id is controlled by PI. Space vector pulse width modulation is employed to produce the 

switching signals of the inverter switches to generate a suitable voltage vector to achieve the 

above control objective uq. Converting three-phase to two-phase frames can be done by Park 

and Concordia transformations, and vice versa. 

Results and discussion 

To verify the disturbance rejection ability of ADRC, manipulated changes of the fuel 

heat released, the ignition positions and the burn durations in one cycle were simulated and 

the proposed ADRC was employed to study its effectiveness on multiple combustion variabil-

ity. In these simulation results, the negative value of power means the generating state of the 

linear machine and conversely the positive value denotes the motor state for the linear ma-

chine. Normal combustion process is assumed for values of 100% fuel heat released, ignition 

position of 7.5 mm and burn duration of 8 ms. 

Fuel heat released 

The effects of the fuel heat released on the speed trajectory tracking is shown in 

fig. 5. As can be seen in fig. 5, speed of piston has excellent consistency with reference in 

both the 50% fuel heat released and unfired cases. The alternate current was fluctuated in the 
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Figure 5. Effects of various fuel heat released on the speed trajectory 
tracking base on ADRC  

abnormal scenarios to adapt the speed tracking. The maximum combustion pressure is directly 

proportional to the fuel heat released, since the input energy increased. Due to less cylinder 

gas pressure, the output power of linear machine in unfired and 50% fuel heat released are 

larger than normal combustion case before TDC. Then, in order to track reference velocity 

trajectory, the role of linear machine was changed from generator to electric motor in unfired 

and 50% fuel heat released cases. In these two cases, the maximum consumed electrical pow-

er is 7.67 kW and 14.16 kW, respectively. The electromagnetic force has a similar trend with 

output power. The maximum electromagnetic force is 3.06 kN in 50% fuel heat released and 

5.41 kN in unfired case. 

Ignition position 

Figure 6 shows the effects of ignition position on the speed trajectory tracking base 

on ADRC. The ignition position is changed from 5 mm to 9.5 mm before the TDC. As is evi-

dent in fig. 6, there is no significant difference in speed tracking. The peak combustion pres-

sure decreases when the corresponding ignition position is closer to the TDC. The output 

power of linear machine varies greater under these conditions. Compared with the standard 

normal combustion case, the working state of linear machine is summarized in tab. 3. Taking 

the TDC and in-cylinder pressure difference as the boundary, the linear machine switches be-

tween the generating state and the electric state in order to track velocity trajectory. For ex- 

Table 3. The working state of linear machine 

 

Item 
bTDC aTDC 

Result Linear machine Result Linear machine 

P-Pnormal ≦0 Generator ≦0 Motor 

P-Pnormal ＞0 Motor ＞0 Generator 
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ample, when the in-cylinder pressure, P, is less than the standard normal combustion pressure 

Pnormal before TDC, the linear machine works as a generator. The greater the pressure vari-

ance, the larger the output or input power is required. 

 

Figure 6. Effects of ignition position on the speed trajectory tracking base 

on ADRC  

Burn duration 

The effects of different burn durations, ranging from 6 ms to 9 ms, on the speed tra-

jectory tracking base on ADRC are shown in fig. 7. It can be observed that ADRC speed con-

troller achieves a good speed tracking under burn duration disturbances. As the burn duration  

 

Figure 7. Effects of burn duration on the speed trajectory tracking base 

on ADRC  
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increases, the peak combustion pressure automatically decreases, or vice versa. The output 

power of linear machine has similar trends to the condition of ignition position variations. The 

criteria for linear machine changing the role between motor and generator can be referred to 

tab. 3. The adjustment process is automatically implemented and completed in one cycle, and 

its adjustment direction meets the need of the feedback control of speed. 

Discussion 

To interpret the disturbance rejection ability of ADRC, it is necessary to research its 

strategy again. There is no doubt that the unknown disturbances have influence in the plant 

during system operation from eq. (10): 
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where ( )w t  is an unknown disturbance. 

In all existing conventions, it is required to obtain the analytical expression of 
[ , ( )]F v w t  for feedback control design. However, the value of [ , ( )]F v w t can be estimated in 

real time in ADRC [30, 32].  

Then, eq. (11) can be described [32]: 
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Such a strategy reduces the control of a complicated, perhaps non-linear, time-va-

rying and uncertain process in eq. (10) to the simple problem in eq. (12) which can be easily 

controlled. In addition, when the disturbances that include the combustion process, air spring 

force, friction and unknown disturbances occur, linear machine is required to have enough en-

ergy to cover it even in misfire condition which consumes a lot of energy. Only then the 

ADRC will mitigate the influence of the disturbance and make sure the speed is tracking. In 

addition, it is equally important to adjust the control logic based on the ADRC control method 

to optimize energy distribution and parameters decoupling. 

Conclusions 

In this study, based on the single piston free piston engine test rig, a thermodynamic 

model was calibrated and validated in MATLAB/SIMULINK. The validation procedure 

showed that the simulation results were in good correspondence with the test. 

 To verify the disturbance rejection ability of ADRC, the fuel heat released, ignition 

position and burn duration in one cycle were varied to study the influence on combustion var-

iability, respectively. The simulation results showed that the linear machine changed the role 

between motor and generator to track the reference trajectory. Using the timely disturbance 

compensation of ADRC, it has been shown to be a promising candidate among competing so-

lutions for FPEG control. 
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Currently, the control strategy was verified through a calibrated numerical model. In 

the future, it will be studied in the test bench to verify the disturbance rejection ability in prac-

tical world. 

Nomenclature 

Aair_spr – sectional area of the air spring piston, [m2] 

Aeng – sectional area of the engine piston, [m2] 
a – shape factor 
f – total disturbances of the plant 
id – d-axis current, [A] 
iq – q-axis current, [A] 
Ld – d-axis inductance, [H] 
Lq – q-axis inductance, [H] 
m – shape factor 
M – mass of translator, [kg] 
P – instantaneous pressure, [Pa] 
Pair_spr – gas pressure in the air spring chamber, [Pa] 
Peng – gas pressure in  

the combustion chamber, [Pa] 
Qin – heat input, [J] 
Qht –  heat transfer, [J] 

R – resistance of armature coil, [Ω] 
t0 – time of starting combustion, [s] 
Δt – combustion duration, [s] 
uq – q-axis voltage, [V] 
V – velocity of the piston, [m/s] 

Greek symbols 

τ – pole pitch, [m] 
Ψm – magnet flux vector, [Wb] 

Acronyms 

ADRC – active disturbance rejection control 
ESO – extended state observer  
FPEG – free piston engine generator 
NLSEF – non-linear states error feedback 
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