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Introduction

Small hydropower or micro-hydropower has a huge potential in the renewable energy section [1][START_REF] Belhadji | Modeling and control of variable-speed microhydropower plant based on axial-flow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF][START_REF] Belhadji | Adaptive MPPT applied to variablespeed microhydropower plant[END_REF][START_REF] Belhadji | Experimental validation of direct power control of variable speed micro-hydropower plant[END_REF]. On a global scale, the small hydropower represents approximately 1.9 percent of the global power capacity, 7 percent share in the total renewable energy capacity and ranks fifth in the global share of renewable energy [1]. This paper focuses on microhydropower, the capacity of the micro-hydropower plant ranges from 20 KW to 500 KW or even smaller depending on the local definitions [START_REF] Belhadji | Modeling and control of variable-speed microhydropower plant based on axial-flow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF] [START_REF] Belhadji | Adaptive MPPT applied to variablespeed microhydropower plant[END_REF].

"Run off river" is the first choice for a large majority of micro-hydropower plants with low heads and high water flow rates. The semi-Kaplan and propeller hydro turbines become most attractive for MHPGSs due to their high efficiency in such conditions [START_REF] Belhadji | Modeling and control of variable-speed microhydropower plant based on axial-flow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF][START_REF] Belhadji | Adaptive MPPT applied to variablespeed microhydropower plant[END_REF][START_REF] Belhadji | Experimental validation of direct power control of variable speed micro-hydropower plant[END_REF]. The efficiency of a Semi-Kaplan turbine is very sensitive to water flow rates and rotational speed variations, hence, a variable-speed MHPGS, which can operate over a large speed range, has a great potential in ensuring the MPPT [START_REF] Belhadji | Adaptive MPPT applied to variablespeed microhydropower plant[END_REF]. The variable speed operation is usually integrated into the power system through Power Electronics (PE) [START_REF] Nababan | An overview of power topologies for micro-hydro turbines[END_REF], which can improve the power quality, provide the reactive power control or the voltage regulation, and also have a Low Voltage Ride Through capability [START_REF] Shin | Low voltage ride through (LVRT) control strategy of gridconnected variable speed Wind Turbine Generator System[END_REF]. A unit of the direct drive PMSG has been widely equipped for MHPGSs [START_REF] Belhadji | Modeling and control of variable-speed microhydropower plant based on axial-flow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF][START_REF] Belhadji | Adaptive MPPT applied to variablespeed microhydropower plant[END_REF][START_REF] Belhadji | Experimental validation of direct power control of variable speed micro-hydropower plant[END_REF][START_REF] Nababan | An overview of power topologies for micro-hydro turbines[END_REF]. It has double back-to-back PWM converters connected between the stator and the grid, which totally decouples the generator from the grid. Hence, grid disturbances have no direct effects on the generator, further reducing the current and torque variations.

To realize the MPPT in a variable speed MHPGS, the hydro turbine rotation speed changes with the water flow rates variations, which proposes higher speed tracking demands, meanwhile, a variable speed system MHPGS is a typical nonlinear system disturbed by large uncertainties from the internal and the external, which greatly influence the speed control performance [2-7] [13-15]. Recently, large efforts are devoted to improving the speed control performance of a PMSG [START_REF] Kung | FPGA-Based Speed Control IC for PMSM Drive With Adaptive Fuzzy Control[END_REF] [9], the ADRC based speed control stands out among various algorithms [START_REF] Wang | Robust sensorless of ADRC controlled PMSM based on MRAS with stator resistance identification[END_REF][START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF][START_REF] Zhigang | A Two-order Active Disturbance Rejection Control Algorithm for Permanent Magnetic Synchronous Motor[END_REF]. ADRC is categorized into the nonlinear control [START_REF] Han | From PID to active disturbance rejection control[END_REF][START_REF] Huang | Active disturbance rejection control: methodology and theoretical analysis[END_REF][START_REF] Zheng | On practical applications of active disturbance rejection control[END_REF]. A full account of the ADRC paradigm is provided in [START_REF] Han | From PID to active disturbance rejection control[END_REF]. ADRC is based on a fact that many dynamic systems, linear or nonlinear, under some conditions can be transformed into the canonical form of cascade integrators via a feedback [START_REF] Huang | Active disturbance rejection control: methodology and theoretical analysis[END_REF]. The feedback includes the connection information or the uncertain disturbances in the control system. Extended State Observer (ESO) can estimate the unknown disturbance in real time and then compensate the influences in the closed-loop dynamics, which realize great robustness in dealing with disturbances [START_REF] Huang | Active disturbance rejection control: methodology and theoretical analysis[END_REF].

Due to its remarkable abilities in dealing with disturbances, ADRC was widely introduced into the speed control of AC servo control systems [START_REF] Wang | Robust sensorless of ADRC controlled PMSM based on MRAS with stator resistance identification[END_REF][START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF][START_REF] Zhigang | A Two-order Active Disturbance Rejection Control Algorithm for Permanent Magnetic Synchronous Motor[END_REF]. Paper [START_REF] Wang | Robust sensorless of ADRC controlled PMSM based on MRAS with stator resistance identification[END_REF] replaces the PI controller with the first-order ADRC in the PMSM speed control loop. The control performance depends largely on the ESO estimation precision. To decrease the estimation burden and increase its accuracy, partial disturbances are identified in [START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF]. Moreover, a first-order ADRC based speed controller neglects the dynamics of the current loop; to avoid this simplification, a second-order ADRC based speed control design is proposed in [START_REF] Zhigang | A Two-order Active Disturbance Rejection Control Algorithm for Permanent Magnetic Synchronous Motor[END_REF].

In this paper, the variable speed MHPGS is based on the form of "Run off river"; meanwhile, to improve the global efficiency, the semi-Kaplan hydro turbine and the direct drive PMSG structure implemented. Large applications prove the advantages of the ADRC, to improve the speed tracking performance of the variable speed MHPGS, an ADRC based speed control is proposed. The paper is structured as follows. Section 2 describes the model of a variable speed MHPGS and its global control objectives. In section 3, to improve the speed tracking performance of the MHPGS, an ADRC based speed control approach is proposed. Simulations and experiments are conducted to prove the effectiveness of the proposed strategy in section 4. Conclusions are indicated in the last section.

Mathematical model of a micro-hydro power plant

The hydraulic power directly depends on the water head and water flow rate as

P h  g  H  Q w  (1)
Hydraulic turbine efficiency is considered, as it greatly affects the net output mechanical power by

P mech    g  H  Q w  (2) 
where mech P (Watts)is the mechanical power produced on the turbine shaft,  is the hydraulic turbine efficiency, 

(kg/m 3 )the volume density of water, g the acceleration due to gravity (m/s), w Q (m 3 /s) the water flow rate passing through the turbine, and

H (m)
is the net head of water across the turbine.

For a fixed head, the steady-state power efficiency of the considered hydraulic turbine has been experimentally described in [START_REF] Belhadji | Experimental validation of direct power control of variable speed micro-hydropower plant[END_REF]. The efficiency of the turbine can be approximated mathematically by,

1 1 90 50 ( , ) [( 0.78) exp( )] 3.33 2 [1 / ( 0.089) 0.035] , / w w w i i i w Q Q Q R A Q                           (3)
where 𝑅(m) the radius of the hydraulic turbine, 𝐴 (m 2 ) the area swept by rotor blades, Ω (rad/s) the rotational speed.

The power efficiency curves described by (3) are presented in Figure 1 (a) and the MPPT curves are shown in Figure 1(b). With water flow rates changing, the speed loop will track an optimal rotation speed to make the system absorb the maximum power in a well-controlled MHPGS. 

Mathematical model of a PMSG

The mathematical model of a three-phase PMSG in 𝑑𝑞 coordinate [START_REF] Belhadji | Modeling and control of variable-speed microhydropower plant based on axial-flow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF] is described as ()

d d d s d e q q q q q s q e d d f di v L R i L i dt di v L R i L i dt                 (4)
where d v and q v are the stator voltage q axis and d axis vector, q i and d i are the stator voltage q axis and d axis vector, s R is the stator winding resistance, d L , q L are the inductance of stator winding q axis and d axis components, f  the permanent magnet flux vector, e  is the electrical rotation speed, 𝑃 𝑛 is the number of pole pairs. Electromagnetic torque 𝑇 𝑒 in the 𝑑𝑞 coordinate system is given as 
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A mechanical dynamic connection between the mechanical torque 𝑇 𝑚𝑒𝑐 and 𝑇 𝑒 is built as

e mec d J T T B dt      (7)

ADRC based rotation speed control

A variable speed system MHPGS is a typical complex nonlinear system disturbed by many uncertainties. Firstly, there are cases where the turbine operates at unstable regions, usually being avoided, which results in large fluctuations; besides, the PE itself is also a nonlinear system with unpredictable disturbances. ADRC is a relatively novel approach which can estimate all internal and external disturbances, and then compensate the influences in the closed loop in real time. Combined with the special nonlinear feedback structure, it realizes high performance in many fields [START_REF] Zheng | On practical applications of active disturbance rejection control[END_REF].

ADRC standard model formulation

In [START_REF] Han | From PID to active disturbance rejection control[END_REF], it is pointed out an important fact about many systems with feedback, no matter dynamic system, linear or nonnonlinear, under some conditions can be transformed into the canonical of cascade integrators via the feedback, the boundary between the linear and the nonlinear can be broken by the control input signal. The advantage it brings is that a complete mathematical model of the plant is not obligatory.

A first-order canonical form of cascaded integrators is represented with

0 1 ˆ( , ) ( , ) ( , ) x f x w bu f x w f x w bu yx          (8) 
where 01 ˆ(.) ( , ) ( , ) f f x w f x w  the total disturbances of the system, 0 ˆ( , ) f x w the known disturbances, and 1 ( , ) f x w the unknown disturbances, respectively, 𝑥 is the state variable, 𝑤 is the uncertain external disturbances, u is the control input, y is the output.

Before applications of the ADRC paradigm, the key point is to reformulate the practical control issue to be the same form as [START_REF] Kung | FPGA-Based Speed Control IC for PMSM Drive With Adaptive Fuzzy Control[END_REF], namely, a formula between the control signal u and the output y . A first-order formula between the control signal q i and the output  is rewritten as 0 1.5 ( , )
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To highlight, the larger the total disturbance is, the less accurate the ESO estimation is [18-20], so the disturbance definition is crucial for the ADRC design.

Table 1. Different disturbance definition strategies

1 0 ( ) ( ) mec q case T B a t b b i J J       Disturbance defination 3 0 ( ) ( ( ) ) mec mec q case T B B T a t b b i J J J J           2 0 ( ) ( ( ) ) mec q case T B B a t b b i J J J         2 0 1 ˆˆ( ( ) ( ) ( ) ) mec mec case B T T f f f J J          3 0 , ( ) ( ) mec mec case T T f f J J        Total disturbance estimated 1 1 ( ) , ( ) 
mec mec case T B f T f J J        Firstly, it can treat - 𝑇 𝑚𝑒𝑐 𝐽 - 𝐵 𝐽
𝜔 ̂ as the total disturbances as the case 1 shown in table I, which is easy to be implemented, however, due to the speed changes or sudden torque fluctuations, the ESO estimation accuracy will be In [START_REF] Wang | Robust sensorless of ADRC controlled PMSM based on MRAS with stator resistance identification[END_REF], to mitigate the effect of a speed change, -𝐵 𝐽 𝜔 ̂ is treated as known disturbances as the case 2 shown in table I, where 𝜔 ̂ can get from the estimation result of an ESO. In case 3, the load torque is identified in [START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF], let 𝑏 = 𝑏 0 = 1.5𝑃 𝑛 𝜓 𝑓 𝐽 , the disturbances estimated by the ESO is nearly zero, which helps reduce the ESO estimation burden; correspondingly, the speed tracking performance is improved.

In this paper, the friction factor and its inertia are assumed constant, even in practice; they have small variations due to aging factor, and the friction factor is also non-constant in operation. The uncertainties can be treated as dynamics, which can be estimated by the ESO in real time.

Design of ADRC based speed control

A standard ADRC paradigm has 3 key modules [START_REF] Han | From PID to active disturbance rejection control[END_REF]: 1) a transient profile generator and a noise-tolerant tracking differentiator; 2) a nonlinear control feedback; 3) ESO for the total disturbance estimation and rejection. In applications, to avoid the set-point jump, a transient profile is constructed, but it sacrifices the dynamic response time, usually, it can be neglected in a first-order system. Finally, the diagram of an ADRC based speed control is shown in Figure 2. 

Nonlinear control law

A nonlinear law of ( 10) is applied to make the feedback control and the ESO more efficient, which has been proved in large implementations [START_REF] Han | From PID to active disturbance rejection control[END_REF]. ,( ,,) /,

fal                       ( 10 
)
The nonlinear law depends on the parameters 𝛼 and 𝛿 [START_REF] Han | From PID to active disturbance rejection control[END_REF]. If 0 < 𝛼 < 0, (10) has a characteristic of 'large error, small gain; small error, large gain' as shown in Figure 3 

ESO (Extended State Observer)

An ESO can estimate both the states and the disturbances simultaneously. The mathematical model is described as

11 1 2 1 1 1 1 2 2 1 2 1 ( , , ) ( , , ) q z z z fal bi z fal                    (11) 
where 𝑧 1 ,𝑧 2 is the estimation of 𝜔 and the total disturbances, respectively, 𝛽 1 , 𝛽 2 are the observer gains.

Nonlinear weighted sum

Finally, the nonlinear weighted sum can be represented with [START_REF] Zheng | On practical applications of active disturbance rejection control[END_REF], which makes the controller more efficient. 𝛽 1 is the proportional gain. Tuning principles of parameters 0 1 2 0 1 2 0 1 , , , , , , ,         are fully discussed in [10] [16].

Simulation and experiment results

Simulation results

To verify the speed tracking performance of the proposed ADRC based control approach, simulation studies are conducted in the Matlab/Simulink. The scheme of ADRC based speed control is shown in Figure 4. The output of an ADRC works as the q axis current control loop reference, which is treated as the plant input, d axis current reference is set zero to control the reactive power to be zero, PI controllers are chosen for the inner current loops. Firstly, to verify the speed tracking performance of different disturbance definition strategies, 3 cases in table 1 are conducted in the simulation. A constant reference speed is applied and a load torque disturbance happens at t=0.1s. In case 3, the total disturbance estimated by ESO is nearly zero as shown in Figure 5(a), which performs best in three cases as shown in Figure 5(b). Simulation results have proved the effectiveness of the disturbance compensation. In the following simulation, only case 3 is considered. 
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Experiment results

The experiments are conducted in a hardware-in-the-loop benchmark as shown in Figure 16 

Conclusions

Micro-hydropower brings a significant contribution to the renewable energy section due to its huge potential through the world. A variable-speed operation has been widely used to realize the MPPT in MHPGSs, and the hydro turbine rotation speed often changes with the water flow rates variations, which proposes higher demands for the speed control.

Furthermore, a MHPGS is a typical complex nonlinear system being disturbed by large unpredictable uncertainties. The ADRC technology, which can compensate the influences of the internal and the external disturbances in real time, is applied to the outer rotation speed control loop. The experiments results prove the ADRC based speed control has a fast transient response and small steady state errors, which realizes high-performance speed control. 
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 1 Figure 1 : Efficiency and maximum power tracking curves of a micro-hydro power plant

  then 𝑇 𝑒 can be modified as below
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 2 Figure 2 : Diagram of ADRC based speed control

  (a), which makes the tracking error reach zero faster. Besides, the feedback efficiency varies with different 𝛿 values as shown in Figure 3(b).

Figure 3 :

 3 Figure 3 : Diagram of the nonlinear law

Figure 4 :

 4 Figure 4 : ADRC based speed control diagram of a MGHPS Parameters of the PMSG used in simulations are shown in table 2.

Figure 5 :

 5 Figure 5 : Disturbances estimated and speed dynamic response Secondly, the comparative simulations between the PI and the ADRC are conducted. Case1: An ADRC based speed control strategy for PMSM is simulated with 𝜔 * = 180rad/s. A load torque of -50N.m is initially applied, and then decreased to -60N.m at 0.1s. Compared with the PI controller, the speed tracking process of

Figure 6 :

 6 Figure 6 : Dynamic response of ADRC based speed control under torque variations Case2: The simulation is conducted with a constant 𝑇 𝑚𝑒𝑐 = 50𝑁. 𝑚 , and 𝜔 * changes from 150rad/s to 180rad/s at 0.1s. The speed tracking process of both controllers is almost the same as shown in Figure 8(a), but the overshoot of 𝑖 𝑞 is reduced with ADRC control as shown in Figure 8(b).

Figure 6 :

 6 Figure 6 : Dynamic response of ADRC based speed control under speed variations

  [START_REF] Belhadji | Modeling and control of variable-speed microhydropower plant based on axial-flow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF][START_REF] Belhadji | Adaptive MPPT applied to variablespeed microhydropower plant[END_REF][START_REF] Belhadji | Experimental validation of direct power control of variable speed micro-hydropower plant[END_REF]. The hydro turbine model is computer-synthesized in the dSPACE hardware (DS1005), and its efficiency versus rotational speed for different values of water flow rates are saved in a look-up table. Then, the physical simulation of the hydro power operation is achieved by a torque-controlled direct current motor (DCM), the torque command of a DCM is generated through the MPPT control realized in dSPACE. The hydro turbine torque is generated in response to its real-time rotational speed such that it simulates the physical hydro turbine dynamic behavior in real time. The DCM control is implemented into a TMS320F240 digital signal processor. Finally, the PMSG is directly driven by the DCM, and the generator is connected to the power grid via back-to-back converters. The control algorithms of the variable speed system have been conducted with the same dSPACE hardware under MATLAB/Simulink environment.

Figure 9 :

 9 Figure 9 : Hardware-in-the-loop experiment benchmark In the experiments, an adaptive MPPT technique proposed in [3] is employed. Moreover, to simulate the disturbances from the hydro turbine operation, a random fluctuation between 1N.m and -1N.m is manually injected to the hydro turbine torque. Figure 10 shows the performances of the ADRC based speed control. It can see the disturbances estimated change correspondingly with the speed variations, and then the influences of the disturbances are compensated in real time in the closed loop dynamics. The experiments results show the ADRC based speed control has fast dynamics and small steady state errors.

(Figure 10 :

 10 Figure 10 : Performance of the ADRC based speed control

Table 1 . Parameters of PMSG

 1 

	Parameters	Value	Parameters	Value
	Armature resistance	0.17 𝛺	Pole pairs number	4
	d-axis inductance	0.0017 𝐻	Total inertia	0.0048𝐾𝑔 • 𝑚 2
	q-axis inductance	0.0019 𝐻	Friction coefficient	0.01 𝑁 • 𝑚 • 𝑠
	Magnet flux vector	0.11 𝑊𝑏	Switch frequency	10 KHz
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