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Velocity Tracking of Hydraulic System

1. Research Purpose 

       The final purpose of this project is to develop a fundamentally sound approach to active vibration control of large-scale dynamic systems. The approach will incorporate not only the control strategy but will also include the actuation system as a key component. The motivation behind this problem is the active isolation of large dynamics systems from external disturbances, with applications to automobiles, ships, submarines, earthquakes, etc.

      The purposes for this particular course project can be explained by the following 3 questions:

(1) Why choosing hydraulic actuator?
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fig. 1 Performance comparisons between different actuators

Active control design of large dynamic systems needs fast and powerful actuators. From above figure, we can say electronically controlled hydraulics seem the natural choice. 

(2) Why don’t use force tracking?

Vibration control can extends back to the 1940’s. Many different control techniques, such as optimal and LQG, have been applied. However, the idea of the control input variable being a force remained as a holdover from the passive vibration control mindset. The assumption was that either there existed an ideal actuator capable of producing the necessary force instantaneously or any actuator could easily be controlled to provide the necessary force. Nevertheless, this assumption proved to be false. The following picture is the best force tracking result I have seen (1). Although very advanced control theory, adaptive robust control, has been applied. We can see the results aren’t satisfactory yet. First, there exists 30% peak value difference between experimental and simulation results. Second, 5Hz isn’t enough for vibration control in many applications. For example, active suspension system can be approximated by 2nd order system. The 1st mode is between 2~4 Hz, which is related to ride comfort. The 2nd mode is between 10~15Hz and which is related to driving safety. In order to get good safety,  we hope the actuator has the capability to track well at the 2nd mode.
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Fig.1   experimental and simulation results comparison for 5Hz force tracking

Why high-frequency force tracking  can’t be realizable? Dr. Alleyne demonstrated that there is a fundamental limitation inside hydraulic systems for simple force control(2), together with hard to get an accurate friction force estimation and system uncertainty and time-varying characteristics.

(3) Why use velocity tracking?
So, I want to try another way, different from force tracking, to realize active vibration control. Velocity tracking looks promising and has following merits:

(i) The transfer function from servo value control input to actuator velocity can be approximated by: 
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Although this model is very simple, it can match the real case well and you will see this point later. At the same time, actuator velocity has a very clear physical meaning time because fluid flow rate is directly related to actuator velocity.

(2) Although there isn’t available velocity sensor, we can get velocity data from simple transformation from displacement sensor or accelerator data. 

(3) Usually, vibration is directly related with acceleration. And acceleration is just derivative of velocity. So we can relate vibration control object with velocity easily. 

2. Results and Discussion

       The scope of this final project includes: System identification and Controller design. And the 2nd part includes PID controller design, MRC controller design and robustness analysis, H( and ( controller design. 
(1) System identification

      Testbed is the basis for this project. Figure 2 is the system schematic diagram. The disturbance generator (DGA) is attached to the ground, the external structure is attached to the control actuator and DGA piston and the internal structure is attached to the piston of the control actuator. DGA is used to generate disturbance to the external structure. Control object is to make the slide velocity (
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Figure 2   System schematic diagram

      Figure 2 is the photo of the testbed constructed at Mechanical Engineering Laboratory at UIUC. The testbed consists of a Dimension XPS T500 computer, a MW2000 Interface box, two hydraulic actuators and their corresponding servo-valves and controllers, two LVDTs and accelerators for the pistons of the actuators, a high-precision, low-friction linear bearing system, a hydraulic pump and etc.
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Figure 3. Testbed of hydraulic system

Theoretically, we have the following nonlinear model for this hydraulic system:
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: Slide position, relative to external structure;   
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: Slide velocity, relative to external structure;
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: System supply pressure ;
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: Servo valve position, relative to external structure.

Because nonlinear model is difficult for controller design, this model is linearized and approximated. And parameters in linearized model are decided by experiments. The details are omitted and interested reader can contact with me directly.
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figure 4. Siglab identification results

I did four Siglab tests for system identification, two times with Siglab control level at 5 Volts and the other two times with control level at 1Volts. From above figure, we can see the repeatability of  tests are pretty good. By using three poles fit (0-90Hz), we get the plant transfer function from control input to slide position (relative to external structure):
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With three poles at: 0, -232(256i.

If we use two pole fit, we can get:
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Experimental and simulation results (fig. 5~7) demonstrate simple linear models can have very close results with experimental results, whatever the model has two poles or three poles. But the 3 poles model is a little better than 2 poles in high frequency. 
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fig. 5   1Hz 1V sine wave excitation 

fig. 6   1Hz 1V square wave excitation
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fig. 7   20Hz  5V sine wave excitation

(2) Controller design

i. Controller design objective
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fig 8   Control diagram of velocity tracking

Fig 8 is the control diagram of velocity tracking. The overall control objective of this closed-loop system is to make the actual system act like a sky-hook damper system, for vibration control[4]. The merit of shy-hook damper system over common spring-mass-damper system is that it has a higher decay rate when input frequency is high. Fig. 9 is the sky-hook damper diagram and its transfer characteristic (equation (4) ) is shown in fig. 10. In order to realize this control objective, we should have the transfer characteristics from disturbance velocity input d to Vrel as equation (5):
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(5)
How to realize equation (5)? Because we want the actuator do velocity tracking, that means we want Vrel to track Vdes. So we can make the outer loop controller Gc2(s) have the transfer function as function (5), that is:
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(6)

For this project, we set: (=1, wn=31.4rad/s (5Hz) and fig. 10 is achieved with these values.

For the inner loop, we want the transfer function from Vdes to Vrel approach 1 during desired tracked frequency range. And I will try different controllers to realize this purpose.
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Fig. 9 Sky-hook damper


           Fig. 10  Desired transfer characteristics

(a) PID controller design

First, I designed a classical PID controller according to root locus. But it can’t work well. Fig. 11 is the result for 1Hz velocity tracking and fig. 12 is the result for 5Hz velocity tracking. Because of its inefficiency, PID controller isn’t the focus of controller design and I won’t introduce it more detailedly.
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fig. 11  1Hz velocity tracking 
  fig. 12  5Hz velocity tracking results
(b) MRC controller design and ( analysis

· MRC controller design
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fig. 13  MRC controller design diagram

In fig. 13, Vact is the plant actual output, slide relative velocity (same as Vrel in fig. 8). And e is the tracking error. Gref is the same as Gc2(s) in fig. 8. About original plant, we have Gp(s)=b/(s+a), from servo value control input to plant output. But we need to include an inner slide relative position feedback into the plant model to make the slide move around its original middle position. This is the difference between simple model and complicated real system.  If we have Gc(s)=c/s in the inner position feedback loop and see these as a new plant with:
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Replacing a=261 and b=9.75, c=100 to G(s), we can get: 
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This is actuator dynamics. And its bode plot is:
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fig. 14 Bode plot of G(s)
From the above plot, we can see the transfer characteristics of G(s) is far from we desired. And our desired transfer characteristics should have magnitude close to 1 in our desired tracked frequency domain, with least delay. And Gm(s)=1000/(s+1000) has this characteristics and with a delay around 5( at frequency 20Hz. Fig. 15 is Gm(s) bode plot. Because G(s) and Gm(s) have same relative degree 1, we can design it by Diophantine equation[5]. Designed R, S and T are:

R=s, 
S=106.56s+3.067e4,
T=102.56s+3.077e4

[image: image28.emf]Frequency (rad/sec)

Phase (deg); Magnitude (dB)

Bode plot of 1000/(s+1000)

-20

-15

-10

-5

0

 

10

2

10

3

10

4

-80

-60

-40

-20

 


fig. 15 Bode plot of Gm(s)

The following are experimental and simulation results:
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   fig. 16 results for white noise disturbance input 
         fig. 17 results for 5Hz disturbance input 
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         fig. 18 results for 10Hz disturbance input
         fig. 19  results for 20Hz disturbance input 
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fig. 20 results for 5Hz disturbance input
         fig. 21  results for 10Hz disturbance input 

Figure 17~21 demonstrate this MRC controller works well for disturbance with frequency up to 10Hz and white noise disturbance. Acceleration abatement in figure 20~21 also proves the efficiency of this controller. And this controller also works for disturbance frequency at 20Hz. But the performance at 20Hz isn’t stable and the reason is that this closed-loop system can’t guarantee robust performance, which is to  be explained by the following MRC ( analysis.

· MRC ( analysis 

In reality, hydraulic system is a nonlinear system and some system parameters are time-varying. Many uncertainties about this system, such as true slide mass and actuator friction force, exist and it’s very difficult for us to get the true plant model. So MRC ( analysis is meaningful.
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Fig. 22  MRC closed-loop system interconnection structure

Figure 22 is the interconnection structure of MRC closed-loop system. The notations are:

P: nominal plant, and set as Gp(s)=9.75/(s+261). 

w: plant perturbation; 

Wdlt: multiplicative uncertainty function, which coming from the difference between different system identification test results in (1) and is multiplied by a amplification factor 1.5. By this way, we can get: Wdlt = -0.577(s + 19.2)/( s + 168) and its transfer characteristics is shown in figure 23. 

(G:
plant uncertainty and ||(G||( 1 is assumed.

u: 
plant control input;

dn: 
sensor noise;

Wn:
sensor noise function. Because displacement sensor is used here and it has least measurement error in low frequency and the error will increase with frequency increasing. So Wn(s)=(s+0.001*600)/(s+600) is assumed and its transfer characteristics is shown in figure 24.

dr: 
reference input, (the same as Vdes in fig. 8 and fig. 13. But reference input is looked as one kind of disturbance in robustness analysis and is called reference disturbance.

e: 
weighted tracking error;

Wp:
performance weighting function. Because we pay more attention to desired tracking range (0~20Hz) than other frequency range, this function is necessary. In order to get no more than 10% tracking error in low frequency range and no more than 20% tracking error for 20Hz reference disturbance, we use 
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 and its transfer characteristics is shown in figure 25. Actually, we can get zero tracking error for constant reference disturbance because we have integrator in our controller.

K:
MRC controller. It has two inputs, y and dr , and one output, u.
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fig. 23 plant uncertainty function    


fig. 24 Sensor noise function
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fig. 25 performance weighting function
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Fig. 26   system input-output diagram

Fig. 26 is system input-output diagram. System inputs are {w d u} and system outputs are {z e y} and disturbance d includes reference disturbance dr and noise disturbance dn. 

For robust stability, we need the H( norm of the transfer function Tzw ,from w to z , satisfies[6]:
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For nominal performance, we need the H( norm of the transfer function Ted , from d to e , satisfies:
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For robust performance, we need the ( value of the overall transfer function T , from (w, d) to (z,e), satisfies:

[image: image41.wmf]1

||

||

£

m

T


From above definition, we know robust performance includes robust stability and nominal performance. But it doesn’t equal to simple addiction of these two.  
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fig. 27  robust stability analysis

         fig. 28  nominal performance analysis
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fig. 29  robust performance analysis
From figure 27~29, we can say the MRC system is robust stable. But it can’t achieve nominal performance and robust performance can’t be guaranteed. In order to make the system achieve robust performance, I try H( and ( controller design. 
(c) H( and ( controller design

· H(  controller design
[image: image69.wmf]y


Fig. 30  Closed-loop system interconnection structure

Figure 30 is the closed-loop system interconnection structure. It’s pretty similar to the structure in figure 22. The only difference is that we add an integrator 1/s into this structure to get zero tracking error for constant reference disturbance. During MRC design, an integrator 1/s is also included into MRC controller for the same purpose. But in H( and ( controller design, closed-loop performance requirements are set by performance weighting function. It’s hard to set one performance weighting function satisfying many requirements. So I make the augmented plant, Paug, satisfy this requirement and try to make controller K satisfy the requirements set by performance weighting function.  After that, the integrator is integrated with K to form the real controller, 
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for the plant P.  After design, system robustness is analyzed and the results are shown by fig. 31~33.

From fig. 31~33, we can see that this closed-loop system with this H( controller is robust stable, but it can’t achieve nominal performance and robust peroformance can’t be guaranteeed. 
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fig. 31  robust stability analysis

         fig. 32  nominal performance analysis
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fig. 33  robust performance analysis

· ( controller design
Actually, ( controller design is quite similar to H( controller design. The only difference is that ( controller design includes D-K iterations so that it’s more strong than H( controller design [6]. 
After 9 iterations, we get the peak ( value of  0.996. This means the closed-loop system can guarantee robust performance. Of course, robust stability and nominal performance can be guaranteed since robust performance is guaranteed. The final state K has 16 states,     1 outputs  and 2 inputs. Combining K with the integrator, we can get the final controller, 
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with 17 states, 1 outputs and 2 inputs. Figure 34~36 are system robustness analysis results. 
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fig. 34  robust stability and nominal performance analysis
fig. 35  robust performance analysis

I used some simulation by using designed ( controller, figure 36 is the simulation result for 20Hz reference disturbance and it’s pretty good. I will do some experiments later to test the efficiency of this controller. 
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Fig. 36 simulation results by using ( controller

3. Open issues  

To improve current results, the following ways can be adopted:

(1). 
Using a higher order plant for MRC design.

(2). 
Design MRAC controller since plant has uncertainty and slow time-varying characteristics.

(3).   Combing adaptive and robust control to design an ARC (Adaptive Robust Controller) controller.
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