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Abstract—In the process of robotic pose measurement, error 

estimation and online correction, the relative pose 

transformation and calibration between coordinate frames are 

required. This paper presented a solution algorithm for 

measuring and precision evaluating the robot end orientation. 

Robotic frames transformation relationship was investigated. 

In view of the measuring space restricted problems of a robot 

end orientation, the unified description model of the robot end 

tool orientation transformation and the 3D coordinate 

measurement parameters of the space target are established. 

The algorithm of the robot end orientation using multi-point 

measurement is given with the coordinate frame equivalent 

similarity transformation. This algorithm utilizes the multi-

point laser measurement values of the space rigid body to 

implement the spatial point coordinate center registration. By 

the least square optimization algorithm based on Rodrigues 

matrix transformation, the orthogonal rotation matrix of the 

orientation relative transformation can be obtained. At last the 

exact estimation of the robot end orientation z-y-x Euler angle 

and the orientation error are realized. 

Keywords-orientation solution algorithm; equivalent 

similarity transformation; spatial coordinate center registration; 

Rodrigues matrix transformation 

I.  INTRODUCTION  

In modern advanced manufacturing industry, industrial 
robots are widely used as the automatic intelligent 
manufacturing equipment. Due to its poorer space absolute 
positioning accuracy, the robot kinematics calibration needs 
to be implemented using precision device for measuring and 
obtaining the end tool sampling point space coordinates and 
the end tool pose relative to the robot base frame. After 
comparing them with the end orientation nominal values of 
the robot controller, the best fitting values of the kinematic 
parameters can be evaluated [1, 2]. 

There are many ways to describe the frame orientation, 
the most common methods are Euler angle, orthogonal 
rotation matrix and Hamilton quaternion [3, 4]. High-
precision orientation measurement methods, which are 
commonly used, include laser tracking measurement or 
visual image measurement. The visual system measures the 
target mark by adopting monocular or binocular image-
forming principle, which has the characteristics of fast 
measuring speed and suitable for non-contact dynamic 
measurement environment [5, 6]. 

However, the initial calibration and estimation algorithm 
of visual system are more complex, and the identification 
and coding process of the imaging points are generally 
needed to solve the target orientation parameters [7]. The 
laser tracking measurement system has the advantages of 
large measuring space, high measuring accuracy, fast 
measuring speed, multi functions, strong universality and 
real-time characteristic, which is suitable for industrial 
measurement environment [8].  

Above orientation evaluating methods have great 
limitations in the robot end motion space, which cannot 
obtain the orientation transformation result and error of the 
robot in extended workspace domain [9]. During the existing 
calibration process, the measurement range of a robot end 
orientation is generally allowed within the range of ±30 
degree of the laser incidence angle. Therefore, the global 
error parameter can only be measured and calibrated by the 
position coordinate error or distance precision.  

Aiming at the shortcomings of above orientation 
algorithm methods, this paper presented a robot coordinate 
frame equivalent similarity transformation algorithm based 
on Rodrigues. Then, the end position and orientation error of 
the robot are obtained by using the laser measurement value 
of the space rigid multi-point positions, and the accurate 
evaluation of the rotation matrix and errors of the robot end 
tool are performed. 
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II. MEASUREMENT MODEL 

The relative orientation transformation of the robot end 
tool can be attributed to the spiral transformation between 
two concurrent coordinate frames. The robot end orientation 
can be obtained by the rotation transformation of two rigid 
body coordinate systems. 

Three measuring points   ,    and    are marked on the 
end tool coordinate frame, and the three points are required 
to be non-collinear which is considered as an equivalent rigid 
body. The orientation transformation measuring coordinate 
system is established. The laser tracking measurement 
coordinate frame is the reference frame { }, the orientation 
azimuth of the end tool frame {E} is consistent with the end-
flange coordinate frame {6}, and the target point P1 is the 
origin of the end tool coordinate frame. The coordinates of 
the target points are    ,     and     at the robot's initial joint 
configuration. The homogeneous transformation matrix of 
the end tool coordinate frame relative to the base coordinate 
frame is    

 . After controlling the robot to a new position, 
the coordinates of the target point change to be    ,     and 
   . The corresponding homogeneous transformation matrix 
of the end tool coordinate frame relative to the base 
coordinate frame changes to be    

 . 
A coordinate frame equivalent transformation model is 

set up. When the end tool coordinate frame changes to {  } 
from {   }, it can be equivalent to remain the same, 
transform the robot base frame { } and the measuring 
coordinate system { } respectively, build a new equivalent 
robot base frame {  } and an equivalent measurement 
coordinate frame {  }. The equivalent transformation model 
of the coordinate frame is shown in Figure 1. 
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Figure 1. Equivalent transformation model of robot frame. 

 

At this point, the orientation matrix relationship between 
the end tool coordinate frame {  } relative to the robot 
equivalent base coordinate frame {  } and the equivalent 
measurement coordinate frame {  } is the same with that 
{  } relative to the robot coordinate frame { } and the 
measuring coordinate frame { }. 

That is: 

   
     

      
     

                            (1) 

At the same time, we can say that the orientation rotation 
transformations between the end tool frame and the base 
frame as well as the measurement frames are similarity 
transformation, whose rotation transformation matrixes are 
of the similarity. That is: 

   
     

                                 (2) 

According to the above equivalent principle of similarity 
transformation frame, the end tool point coordinates 
   ,   ,    and    ,   ,   can be respectively regarded 
as the composed rigid body measurement coordinate of the 
points   ,   ,     in the laser coordinate frame and the 
equivalent laser measurement frame. Therefrom, this can be 
used to correlate the end tool orientation of the robot 
different joint configuration by above fixed point coordinates. 
Then, the corresponding coordinate transformation relation 
can be transformed into the transformation solution of the 
concurrent rigid body coordinate frame. 

III. ESTIMATION ALGORITHM OF ORIENTATION RELATIVE 

TRANSFORMATION 

Measure the coordinates of the same set of sampling 
points in two coordinate systems respectively, and match the 
two coordinate systems’ orientation relevance by sampling 
points. Because the sampling points are the same in different 
coordinate frames, the combination of these sampling points 
can be used as the equivalent rigid body. According to the 
invariant theory of the rigid body barycentric coordinates, 
using the gravity centroid criterion method to configurate the 
center of gravity space for each sample point coordinates, the 
distance to the center of gravity is constant at various points 
on the equivalent rigid body, and each point’s corresponding 
distance is equal. That is shown as Figure 2. 
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Figure 2. Equivalent rigid body in different coordinate frames. 

 

Using the invariant of the rigid body barycentric 
coordinates, configurate the fixed point coordinate’s 
centralized barycenter space adopting the gravity criterion 
method, remove the coordinate offsets of homogeneous 
transformation relations, reduce the robot localization error 
and measurement error, directly get the rotation 
transformation description. The spatial registration center of 
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gravity coordinates of the end tool target point   ,    and     
in two coordinate systems can be expressed respectively: 
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In the upper left of the variable,   and    represent the 
center of gravity in the laser measurement coordinate frame 
and the equivalent laser measurement coordinate frame 
respectively. The barycentric coordinate conversions of the 
fixed points are carried out as 

             [

       

       

       
]  [

    

    

    

]                        (4) 

            
  [

        

        

        
]  [

    

    

    

]                     (5) 

         are the equivalent centroid coordinate points of 

the fixed point Pi in the laser measurement frame and the 
equivalent laser measurement frame respectively. 

After the gravity spatial registration, the orientation 
transformation matrix can be solved according to the fixed 

point relationship,     
 is the orientation rotation 

matrix         the laser measurement coordinate system { } 
and the equivalent laser measurement coordinate system 
{  }.  

The corresponding rotation transformation relation of the 
coordinate system after the center of gravity registration is 
shown as follows: 
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                          (6) 

Establish Rodrigues matrix equation to transform and 
solve the parameters of rotation matrix of the robot end 

frame. Set up the anti-symmetric matrix S,   
  can be 

expressed as the Rodrigues matrix equation form: 

  
                                         (7) 

where, 
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a, b and c are the Rodrigues parameters, and E is the 
third-order unit matrix. There is, 
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Expand the equation set, extract a, b, and c, write them as 
vectors. By applying the Rodrigues matrix transformation, 
the solving equations can be set up: 
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 (9) 

Substitute three groups of target points coordinates into 
(9) to form overdetermined system of equations, apply least 
squares method to solve the generalized inverse, calculate 
the values of a, b, c. After substituting the solution results 

into Rodrigues matrix and (7),     
  , the equivalent 

conversion rotation matrix of the laser measuring frame can 
be calculated out when the robot joint configuration is 
changed to arbitrarily configuration m1. The rotation matrix 
has the orthogonality at the same time.  

According to the similarity transformation method, the 
equivalent conversion process of the laser measurement 
frame and the robot base frame are similar, the rotation 

matrix    
  and    

  are similar too, thus we can obtain: 

   
     

        
    

 
                                        (10) 

The similarity transformation matrix    
  is the rotation 

matrix of the robot base frame relative to the laser measuring 
frame, which needs to work out in advance, and its 
calibration and calculation process is no longer detailed in 
this paper.  

For relative orientation transformation matrix of a robot 

end tool frame     
  , it is the similarity transformation, 

namely  

                                          
      

 
                                                   (11) 

Substitute formula (10) into (11), we can obtain the 

following formula: 

   
       

        
     

      
        

        
    

  
   

  

       (12) 

It can be found that when the robot is in the joint 
configuration of m1, the actual orientation rotation matrix of 
the end tool is shown: 

   
     

     
      

        
    

     
  

 (13) 

Finally, the orientation matrix error is obtained by 
comparison with the nominal orientation rotation matrix 
calculated by kinematics. According to the above calculation 
process, we can theoretically evaluate the orientation error of 
the end tool at any position. 
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IV. ALGORITHM IMPLEMENTATION AND RESULTS 

According to the relative transformation resolving 
method of robot end orientation, the orientation rotation 
matrix measurement and comparison experiment were 
carried out. The laser tracking equipment, 6-DoF laser target, 
laser reflection ball target and KUKA KR16-2 robot are used 
as experimental devices, as shown in Figure 3. 

  

Run the robot back to the Home location as the initial 
joint configuration, the six-degree freedom laser target is 
fixed to the robot end-flange. The transformation matrix  
  

 can be solved according to the robot base frame 
conversion optimization evaluation method. 

 

  
  [

                                   
                                    
                                 

    

] 

Select 10 sets of the robot measurement positions and the 
corresponding joint configuration, control the robot to run to 
each orientation respectively, measure and record each group 
under the position of three ball target coordinates in turn, 
calculate the end tool orientation matrix using formula (6). 
The actual value of the rotation matrix of the end tool frame 
at the initial joint configuration is calculated by using the 

rotation component   
  in the above calculation results. The 

six degrees freedom target orientation were measured and 
recorded at 10 groups of robot joint configuration. Then the 
measurement results and above estimation results are 
converted into z-y-x Euler angles, the comparisons of 
orientation angle are shown in the following table 1. 

 

TABLE I. TESTING CONTRAST OF RELATIVE TRANSFORMATION OF END ORIENTATION 

 

multi-point solution value of orientation relative 

transformation (z-y-x) 

six degrees of freedom target measurement 

orientation (z-y-x) 

 φz (deg) φy (deg)   φx (deg)              φz (deg) φy (deg)   φx (deg)              

1 19.9682 0.0878 0.0579 19.7963 0.0825 0.0895 

2 -179.8601 50.0214 -179.7059 -179.9408 50.0614 -179.9182 

3 121.7833 89.9541 111.7991 121.5725 89.7523 112.1203 

4 0.2679 79.9296 0.2238 0.2934 80.1231 0.2325 

5 -89.8045 80.0294 -89.8064 -89.8541 80.0388 -89.5604 

6 3.5778 70.5174 3.3225 3.5456 70.2541 3.5412 

7 -89.8326 70.0314 -89.8417 -89.8251 70.2104 -89.8021 

8 -96.6587 60.3983 -112.3941 -96.8745 60.5874 -112.5469 

9 176.4027 69.6829 176.5646 176.4254 69.5428 176.2459 

10 12.2882 89.9589 2.2054 12.2865 89.9589 2.2037 

 

 
Figure 3. Testing relative transformation of end orientation. 

It can be seen from the comparative test in the table that 
the estimated results by the robot end orientation relative 
transformation are very close to the measurement orientation 
angle with the 6-DoF laser target. It is shown that the 
equivalent similarity transformation method of the 
multipoint laser measurement can be used to reliably 
evaluate the orientation of the robot end tool frame. 

V. CONCLUSION 

In view of the constraint problems of target space 
position limited by laser tracking system for measuring robot 
end orientation, this paper presented an orientation 
transformation estimation algorithm. Using the equivalent 
similarity transformation method of coordinate system, the 

unified description model between a robot end tool 
orientation transformation and the space target 3D coordinate 
measurement parameters is established. As a kind of 
compensating computation method, the coordinate frame 
orientation conversion algorithm achieved fast accurate 
solution of the rigid body coordinate transformation equation 
based on Rodrigues transformation matrix. The algorithm 
avoided the linearization of the rotation parameters, and the 
whole calculating process was simple and quick. 

Through the barycentric registration of the space point 
coordinates and resolving of the least squares optimization 
algorithm based on Rodrigues matrix transformation, the 
orthogonal rotation matrix of the relative transformation 
orientation can be obtained, the experimental results verify 
the validity of the orientation algorithm. The coordinate 
system equivalent similarity transformation method based on 
multi-point laser measurement is adopted, which needs 
manually auxiliary measurement, but the relative 
transformation of the robot end orientation can be estimated 
and calibrated in much greater range. 
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Abstract—In order to overcome the shortcomings of standard 

median filtering and adaptive median filtering in the denoising 

of structured light image, an improved adaptive median 

filtering method is proposed. The method determines the true 

noise point and the local noise density through two noise 

detections. Moreover, the size of the filtering window is 

selected according to the density, and the detected noise points 

are filtered by using the proposed method. The experimental 

results show that the improved adaptive median filtering can 

effectively protect the image details when noise is removed.  

And the proposed method can provide better filtering 

performance than standard median filtering and adaptive 

median filtering. 

Keywords-adaptive median filter; noise detection; structured 

light image 

I.  INTRODUCTION  

When acquiring a structured light stripe image, the 
disturbances including ambient illumination, possible optical 
diffraction, nonlinear distortion of the camera lens, reflected 
light from the surface of the object being measured, and 
noise pollution in the imaging process, will affect the quality 
of the acquired image severely, which may cause noise. The 
polluted structured light images make the subsequent 
processing harder, such as the extraction of feature 
information, three-dimensional reconstruction [1,2]. 

Median filtering has been widely used in image noise 
reduction. However, the denoising performance of standard 
median filtering is greatly affected by the size of the filtering 
details [3]. In addition, this method has certain contradictions 
in restraining the image noise and protecting details [4]. 

The small filtering window can protect details better in 
the image, however, the ability to denoise is limited. The 
large filtering window can enhance robustness against the 
noise, but the protection of details will be weakened [5,6].  

In this paper, an improved adaptive median filter is 
proposed. The basic idea follows by two steps: Firstly, 
finding the existing noise, then select the size of the filter 
window adaptively according to the noise density. Secondly, 
the improved median filtering method is used to filter the 
noise. The improved adaptive median filter proposed in this 
paper greatly alleviates the contradiction between noise 
suppression and details protection. And the better filtering 
performance than the standard median filter and adaptive 
median filter can be provided.  

II.  IMPROVED ADAPTIVE MEDIAN FILTER 

The proposed improved adaptive median filtering method 
includes three steps: (1) Detecting the noise of noised image 
twice; (2) Adjusting the size of the filtering window 
adaptively according to its local noise density; (3) Filtering 
the detected images from four given directions. 

III. NOISE DETECTION OF THE ORIGINAL IMAGE 

Noise detection is a key step in the filtering algorithm. 
The goal of this step is to find the true noise point in the 
image. A good noise detection method should try to avoid 
the possibility of error detection and false detection. Error 
detection is to define noise as a signal, which will affect the 
overall filtering effect; False detection is to define the signal 
as noise, and ultimately damage the image details [7,8]. 
Therefore, in order to detect noise more accurately, the 
detection noise can be divided into two steps: (1) The 
candidate noise point is determined;(2) The pseudo noise 
points are eliminated according to the formula. 

A. Determing Candidate Noise Points 

The size of the image I is R * C. The pixel value of pixel 

point  ijp   is ijy . The filter window size of 5 * 5 was 

selected for the first noise detection. When ijp  is taken as 
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the central pixel point in the filtering window, then the set of 

all pixel values in this window ijY can be expressed as： 

       IjihwyY hjwiij   ,,22,22|, 

In the set ijY ,the maximum and minimum values of ijY  

are respectively recorded as maxy , miny ，if maxyyij  or 

minyyij  ,the pixel ijp  is defined as the candidate noise 

point. The set ijf  is set as noise image and expressed as: 


other

yoryyy
f

ijij

ij

minmax

0

1 





 

B. Noise Detection  

In an image, the pixel value of some signals may be very 
high or low. In the first step of detection, it is directly 
regarded as a noise point, causing misjudgment. In order to 
prevent such a situation, it is necessary to carry out the 
second step of noise detection. 

Set ijD   as the set after removing the extreme points 

and expressed as: 

 ijhjwihjwihjwihjwihjwiij YyyyandyyyyD   ,,min,max,, |,|



The average value of  ijD   is expressed as: 
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The pixel value of the candidate noise point is compared 
with the average value. If the absolute value of their 
difference is larger than the threshold value. it indicates that 
the candidate noise point is the actual noise point. The 
formula below shows that: 
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The threshold T has a great influence on the effect of 
noise detection and is defined as: 
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IV. SELECTION OF ADAPTIVE FILTERING WINDOW 

In order to better suppress noise and save image detail 
information, local noise density should be introduced to 

determine the size of filtering window. The expression of 
local noise density is: 

                     
windowwindow

noise

heightwidth

Number
R


 

The local noise density is very small, and the size of filter 
window should also be relatively small, so as to ensure the 
de-noising effect and protect the details of the image. 
Conversely, the local density is large, so the size of the filter 
window should be larger, so as to maintain the ability of de-
noising. According to this principle, the selection of the filter 
window size is adaptively determined by the density of each 
noise point. The size of the filter window l is defined as 
follows: 
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21
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In the formula, r1 and r2 are constants, and theirs values 
are obtained according to experiments. 

V. NOISE FILTERINGSING 

According to the above two steps, there are only two 
noise points left in the image: true noise points and non-noise 
points. Non-noise points do not need to be processed, and 
their own pixel gray values are directly preserved. The noise 
points need to be filtered. The method used in this paper is to 
select the pixel values of the pixels in the four specific 
directions in the filtering window, sequentially sort the pixel 
values, and weight the median obtained after the sorting [9]. 
Finally, the result obtained by the algorithm is substituted for 
the central value in the filtering window.  

Assuming that the pixel value of  nmp ,  contaminated 

by noise is  nmf , , then four specific directions in the 

filtering window are selected, which are 0°, 45°, 90°, 

135°. Thus, four sub-windows can be obtained, which can 

be defined as: 
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Figure 1.  Four specific filtering direction. 
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 nmM ,1 ,  nmM ,2 ,  nmM ,3 and  nmM ,4 respe

ctively represent the median values of pixels in the four sub-
windows, namely:  

                 3,2,1,0],,[),(  knmWmednmM kk 

[]med represents the median filtering. The above four 

sub-windows are respectively used to conduct median 
filtering for noise points. After filtering, the obtained value is: 

  



4

1

,),(
k

kk nmMcnmg 

 kc  is the weighted coefficient, and its value depends on 

the result of filtering in the above four directions, namely: 
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VI. EXPERIMENTAL RESULTS AND ANALYSE 

A. Using the Lena Image  

In this section, the Lena image is selected as the 
processing image. The proposed improved adaptive median 
filtering and traditional median filtering are compared by 
denoising ability and protecting detail ability under different 
degrees of noise interference. An objective evaluation was 
made using NMSE and PSNR as references. The formula for 
NMSE and PSNR is as follows: 
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 jiy ,  and  jig ,  are the gray value of pixels in the 

image before and after denoising; E is the maximum value of 

 jiy , ; N is 256. 

The results of denoising performance are analyzed by the 
standard median filters of 3x3, 5x5, adaptive and the 
proposed filter respectively based on the figure with the 4 
different noise interference. 

TABLE I.  COMPARIDION OF PERFORMANCE PARAMETERS 

Denoise 

Method 

Parame

ters 

Image Noise Level 

1% 2% 5% 10% 

3x3 

med 

NMSE 0.0000235 0.000047 0.000114 0.000226 

PSNR 25.34 22.34 18.49 15.51 

5x5 

med 

NMSE 0.0000271 0.0000505 0.000118 0.00023 

PSNR 24.73 22.02 22.02 15.44 

Denoise 

Method 

Parame

ters 

Image Noise Level 

1% 2% 5% 10% 

adaptiv

e med 

NMSE 0.0000238 0.000474 0.000115 0.00028 

PSNR 25.3 22.29 18.44 15.47 

propose

d 

method 

NMSE 0.0000209 0.0000431 0.000105 0.00021 

PSNR 
25.85 22.71 18.82 15.83 

 

 
(a) Original Image; (b) Noise Image; (c) 3x3 Median Filtered Image; (d) 5x5 

Median Filtered Image; (e) Adaptive Median Filtered Image; (f) proposed 
method Filtered Image; 

Figure 2.  Comparison of Lena. 

From the results obtained in Figure 2 and Table 1, the 
NMSE value of the improved adaptive median filter in this 
paper is smaller than that of the 3x3 and 5x5 standard 
median filter and adaptive median filter, while its 
corresponding PSNR value is larger, which indicates that the 
improved median filtering is more capable of denoising and 
protecting details. The comparison was made by adding 2% 
noise interference: The standard median filtering of 3x3 has 
better performance in detail protection, but the image still 
contains partial noise; The standard median filtering of 5x5 
can reduce the noise, but the image is fuzzy and the details 
are lost; The standard adaptive median filtering has both the 
advantages of 3x3 and 5x5 standard median filtering, the 
denoising ability is enhanced and the detail protection is 
improved. The improved median filter proposed in this paper 
filters out most of the noise, meanwhile the details in the 
image are relatively complete and the definition is relatively 
high. 

The advantages of the improved median filter over the 
standard median filter can be explained is as follows: 

(1) The improved median filter first classifies the pixels 
in the image. And the pixels are divided into noise points and 
non-noise points. Then the image is filtered twice to remove 
the noise completely, while the pixel without noise pollution 
will not be filtered, and hence, the details are protected. The 
standard median filtering works for all pixels, which means 
those pixels without noise are also affected, making the 
image blurred and the details lost. 

(2) The filter window size of the improved median filter 
is adaptively determined by the local noise density of the 
image, which combines both noise filtering and detail 
protection. The standard median filter uses the same filter 
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window size for the entire image, which has no adaptability 
and poor noise filtering effect. Compared with standard 
median filtering, the adaptive median filtering has improved 
noise filtering effect, but insufficient detail protection leads 
to image blurring.  

B. Using Structured Light  Image 

Figure3 (a) shows the initial structured light image, and 
Figure3(f) shows the results after filtering using the 
improved algorithm. In terms of processing effect, the 
structured light strips processed by the new algorithm of this 
paper are clearer than the traditional methods, and the 
denoising effect is better.  

 

 
(a) Original Image; (b) Noise Image; (c) 3x3 Median Filtered Image; (d) 5x5 

Median Filtered Image; (e) Adaptive Median Filtered Image; (f) proposed 
method Filtered Image; 

Figure 3.  Comparison of structural light image. 

VII. CONCLUSION 

In this paper, the improved adaptive median filtering uses 
a certain detection standard to detect the noise points in the 
image. The size of the filtering window adaptively adjusted 
according to the density of the detected noise points. And the 
detected noise points are filtered by using the proposed 
method. The proposed method greatly alleviates the 

contradiction between noise suppression and details 
protection and has better filtering performance than the 
traditional median filter in the image preprocessing of 
structured light image. 
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Abstract—In order to solve the problem of detail loss and 
color cast caused by underwater imaging, we propose a novel 
underwater image enhancement method. We combine a 
stepwise estimate of transmission with a dark channel prior to 
obtain more detail from dark areas in underwater images. In 
addition, we use superpixel segmentation to avoid DCP invalid 
and white balance to correct color. The experimental results 
show that our method not only achieves a significant visual 
improvement, but also has a faster speed than other methods. 

I. INTRODUCTION 

The imaging process of the underwater images is similar to 
the haze images, as shown in Fig. 1. But the water in the ocean 
contains a variety of impurities, such that the light obtained by 
the imaging device is often subjected to physical processes of 
absorption and scattering[1]. However, for practical 
applications we need to get the true color of the object and as 
much detail as possible, especially in excavating underwater 
relics and carrying out the underwater rescue operations. Due 
to the discovery of more and more shipwrecks in recent years, 
underwater image enhancement technology has received more 
and more attention. 

At present, most underwater image enhancement algorithms 
based on physical models are based on color channel and 
wavelength compensation[2,3]. In most cases, we used prior 
knowledge to estimate important parameters in the model and 
recover clear images through the inversion process[4]. But 
there are problems such as large assumptions and a priori 
knowledge limitation, at the same time, the color correction 
algorithm is not ideal[5]. 

In this paper a new enhance algorithm base on stepwise 
estimation of transmission, superpixel segmentation, DCP and 
guided filter was proposed. First, we split the image by 
superpixel segmentation to get the effective area for enhancing 
the images, at the same time we can get a bright area and a 
dark area of the image. For the dark area, we use dark channel 
prior to get the transmission and adaptive algorithm to correct 
the transmission from bright area. The experimental results 
show that the enhance effect of this algorithm is remarkable. 

 
Fig. 1 Physical model of underwater imaging. 

 
 

II. PROPOSED METHOD 

In order to get accurate transmission and avoid DCP invalid 
we use superpixel segmentation to split the image into a 
visually significant irregular block of pixels consisting of 
adjacent pixels of brightness. The complex situation of 
underwater background light scattering and the calculation 
speed are considered comprehensively. We split the image into 
many blocks of similar brightness. The brightest area in the 
image, marked as a read block, is used as the effective area of 
background light. As shown in Fig. 2(a). 

In particular, when the number of divided blocks of an 
image is two, the image is divided into a bright area and a dark 
area[6], as shown in Fig. 2(b). We must note that underwater 
the bright areas and the dark areas also represent the distance 
of the object were shooting from the camera. In most instances, 
the object closer to the camera is darker and the background 
seawater is brighter. 

To avoid excessive enhancement of the image background 
water area, we use background light as a parameter of DCP 
algorithm to get the transmission of the dark area and obtain  
the bright area adaptively, as shown in Fig. 2(c). 

Since the image is minimum filtered, many blocks will 
occur after the transmission is obtained, which will cause 
blurring of the edge area of the image after enhancement[7]. 
Therefore, we use guided filter to optimize the transmission, 
although it will reduce some accuracy but does not affect the 
enhancement effect, as shown in Fig. 2(d). 

 
Fig. 2 (a) Background light image;  (b)Bright and dark area 
image;  (c) Transmission image;  (d) Optimized transmission 
image. 
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III. EXPERIMENTAL RESULTS AND ANALYSIS 

In order to verify the effectiveness of the algorithm, this 
paper selects four underwater color images with different 
degrees of blur. We compare the method in this paper with the 
Berman’s method. The first column is the original image of the 
underwater, the second column is Berman’s method[8,9], and 
third column is our method. 

 

 Original Image Berman’s method Our method 

 
 
1 

   
 
 
2 

   
 
3 

   
 
 
4 

   
Fig. 3  Four experimental images and enhancement. 

 
From the experimental results, it could be found that our 

method has a better effect on the restoration of image details 
than Berman’s method. In the first row we can see that 
Berman’s method lost texture of diver’s clothes but our 
method enhance the details of the clothes. We also can see 
how the respirator looks like, as marked in Fig. 4. 

 

 
Fig. 4 Marked images 

 
In the second and forth row, we can see that Berman’s 

method overestimated the original color of the object, which 
caused the area overexpose and lost detail. But our method can 
clearly see the details of seaweed and fish, as marked in Fig. 5. 
Since there is a area where the brightness is significantly 
higher in the picture, the stepwise estimation of transmission 
has a significant effect. In the third row, our method retained 
the Layering of the object being photographed, and a small 
part of water in the bottom right corner was kept. 
 

 
Fig. 5 Marked images. 

 
The experiment is based on Windows 10 operating system, 

Matlab R2018a software platform, Intel(R) Core(TM) i7-
6700HQ CPU @ 2.60 GHz 2.60 GHz, 16.0 GB memory 
hardware platform. 

IV. CONCLUSION 

A good transmission estimation method is very important 
for under water image enhancement. In this paper, a 
transmission estimation method, based on the improved 
stepwise estimation method is proposed which solved the 
problem of detail loss and color cast caused by variety of 
impurities. 

This algorithm has wide applicability, and it can be applied 
to enhance multiple underwater conditions. A good detail and 
less color cast was just a part of underwater enhancement, next 
we should focus on how to restore the background color more 
beautiful. 
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ABSTRACT
Attributed to the ability of three-dimensional scene direct
acquisition in real-time, Time of flight (TOF) camera has been
developed rapidly. Because of the problem of low resolution
and accuracy, t are still difficult to be widely used. If these
parameters can be further improved, TOF camera will win a
place in the field of automatic navigation, machine vision and
so on. In this paper, the imaging accuracy error caused by
measuring distance and target reflectivity is analyzed. For the
problem, that the weaker returned energy from the target is,
the worse the imaging accuracy is, we proposed an automatic
illumination system (AIS) which includes a distance weighted
average metering (DWAM). It can solve the problem of
imaging accuracy decline caused by the decrease of returned
light energy and improve the dynamic performance of TOF
camera.

INTRODUCTION
With the development of photon-detector technology, the

TOF camera with the characters of cost efficiency, low power
consumption and compact size has recently received
significant attention and has great potential in the field of
intelligent machine vision, human-computer interaction,
indoor navigation and so on[1]. This is an active 3D imaging
camera, which Optical sensors measure the delay between
light emitted into a scene and received by a co-located
sensor[2]. However, it is still not widely used because of its
low resolution and poor measurement accuracy. In this paper,
we found that the accuracy of TOF camera will be interfered
by the imaging distance and reflectivity of objects which are
metal, gypsum, plastic and other common materials[3]. The
reason for this problem is an attenuation of returned light
power from targets. So a kind of automatic illumination
system (AIS) is proposed. Similar to common cameras, this
system includes the part of light meter.In TOF camera system,
the exposure time which is correlated to the depth resolution
can not be changed arbitrarily. We do not talk about it. We
focus on the compensation method of attenuation of returned
light power at fixed frame rate and exposure time. Besides, a
method DWAM is also proposed for the light meter part.

ERROR ANALYSIS OF TOF CAMERA

The TOF camera model we use is OPT8241CDK produced
by TI for industry. Its basic imaging principle is that the phase
difference between the modulated illumination and the
returned light from targets is used to form depth map. Frame

rate is about 8-60fps. Each frame depth image is composed of
n subframes and each of them are composed of m quads. The
process of each quad on every pixel includes start-up, integral,
readout and reset. So each frame of depth image needs mn
quads which should be synchronized with illumination pried.
During every quads, sufficiently returned light power ensures
the quality of the TOF imaging. This illumination pried can be
defined as exposure time of TOF camera. Fixed exposure time
make the fixed frame rate. Based on this condition, we make
some experiments with the materials of metal, gypsum, plastic,
rough brick and smooth brick. The set of experiment is shown
in Fig. 1. Made to parallel to sensors imaging plane, the
surface of materials are image with TOF camera under
different distances. No matter how far away from TOF sensor,
the objects are imaged as full as field of view. We express the
accuracy in standard deviation as follow:
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where ab is the product of sensor rows and columns.

We make the scheme in experiment as follow: 1) Owing to
the Lambert characteristic of gypsum surface, we image it in
different distance. 2) Fixed imaging distance, different
materials are imaged under different illumination power
manually. As shown in Fig. 2.

AUTOMATIC ILLUMINATION SYSTEM

From the data, the more smooth and farther away the target
is, the worse imaging accuracy will be. For this problem, an
automatic illumination system (AIS) is propose. AIS is
composed of controller algorithm and target light meter
method. As shown in Fig. 3. The TOF camera OPT8241CDK
uses four laser diodes (LD) as illumination. Their light power
and working method can be easily controlled by software

AUTOMATIC ILLUMINATION SYSTEM FOR TOF CAMERA
Yujie Fang Binghua Su Xia Wang Xuedan Pei Su Yu Sufen Chen

Key Laboratory of Optoelectronic Imaging Technology and System, Ministry of Education,
School of Optics and Photonics, Beijing Institute of Technology, Beijing China

Beijing Institute of Technology, Zhuhai, Guangdong China

Fig. 1 The schematic diagram of imaging system.



through IIC bus on board. Whether to adjust the light power of
LD depends on the results returned light from objects. The
algorithm is proportional and integral (PI) structure which can
make sure to control the LD driver quickly and accurately.
About the methods of light meter, TOF 3D camera is

different from common color camera. The traditional methods
include center weighted average metering, point-photometry
and so on. Usually, the sensitivity of the camera sensor or
exposure time is adjusted by judging the exposure of the
images. These methods are not applicable to TOF cameras. In
this work, distance weighted average metering (DWAM) is
proposed. TOF camera can obtain the 3D information of target
scene in real-time. Each pixel on the sensor can not only get
the target distance value but also have the optical gray value.
In general, people pay attention to the close-range scene, so
the main idea of DWAM is that the weighted value of close
scene is higher than that of far scene relatively. The
compensation of light power will more inclined to the returned
light energy of the target at close range. We can express it as:
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Where ab is the product of sensor rows and columns, and wi is

the weighted value and Ii is the intensity on each pixel. PI is
result of light meter.





ab

i
i

i
i dS

S
dw

1
, (4)

Where di is the depth value on each pixel.
This light meter method can ensure that the relatively close

target has high priority to receive illumination compensation.
However, this method is sensitive to noise, and a good clear
image is an important prerequisite. In addition, some extreme
cases are difficult to deal with. For example, there is an object
with the similar character of mirror at a relatively far distance,
which can strongly reflect signal light, while the relatively
near interest objects has a low reflectivity. In such scene, some
pixels may be saturated by strong reflection because of the
illumination compensation of the near objects. This kind of
problems can be studied by threshold partition, filtering, fuzzy
recognition and so on in future.

CONCLUSION

In this work, we introduced an effective and simple method
called automatic illumination system (AIS) that can solve the
problem of accuracy decline which is produced by low power
of returned light. And we also propose a light meter method
that distance weighted average metering (DWAM) for TOF
camera. Theoretically, the method can be used in various cases.
However, in some extreme cases, such as very long imaging
distance or extremely low reflectivity target, great illumination
power is required. This problem should be optimized by
engineering practices in next step.
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(a) The standard deviation of smooth gypsum images at different
distance.

(b) The standard deviation of materials images with different surface
optical properties under different illumination power.
Fig. 2 The errors data of range maps collected under different condition.

Fig. 3 The schematic diagram of imaging system.
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摘 要：针对西藏古建筑火灾复杂、可预测性差的特点，结合

ZigBee 与 Android 平台设计智能移动监测系统。该系统完成了

ZigBee 无线传感器网络设计、Android 客户端开发以及相关中间

件的实现，各类传感器采集的数据通过 GPRS 上传至客户端。实

验表明，该系统可以实现对古建筑环境信息的实时反馈和对用户

指令的及时响应。

关键词：古建筑；火灾监测；ZigBee；Android；GPRS
中图分类号：X924.4，TN92 文献标志码：A
文章编号：1009-0029（2019）07-0973-04

西藏古建筑多采用土木、砖木等作为建筑材料，燃点

较低，室内油灯常年点燃，烟火常年存在、消防基础设施薄

弱、僧人及信教群众的消防安全意识不强等问题较为突

出，藏区古建筑群建设的聚集程度较高，许多寺庙内还陈

列着古代遗留下来的壁画、雕塑和其他文物，一旦引发火

灾，将带来巨大损失。因此，设计一款火灾监测系统对生

命财产安全具有重要意义。

有线连接对古建筑也有一定的损害，破坏整个建筑内

部的整体美观，且一定时间线路将会老化，日常维护也很

困难，可扩展性差，所以笔者使用了无线连接方式。无线

传感器网络具有数据采集、无线通信、信息处理及协同工

作等功能，可广泛应用于环境监测、工业控制、智能家居、

抢险救灾、火灾监测报警和远程监测等。而 Android 具有

人机界面友好、操作简单、安全性高等优点。笔者结合

ZigBee 和 Android 技术设计了基于无线传感器网络的古

建筑火灾监测系统，可以对建筑进行全方位多角度的实时

监测。

1 系统架构

该系统由信息采集层、数据处理层、传输层和应用层

组成，其整体框架图如图 1 所示。信息采集层通过传感器

网络采集环境参数，如 CO、烟雾浓度、温度、火焰等，并进

行初级处理。

在数据处理层中，ZigBee协调器汇聚所有节点发送的

数据，并通过串口转发信息给嵌入式平台，平台显示本地

信息并应用多数据融合技术综合处理建筑中的多个传感

器的数据信息并封装。

传输层接收来自数据处理层的参数信息并使用

GPRS网络上传至应用层。

应用层由服务器和 Android 软件应用组成。当传输

层传输数据到应用层的服务器中，服务器会将该数据信息

转发至 Android 客户端。用户可以通过 APP 界面监视建

筑内状态，获取古建筑环境信息，并发送控制指令信息。

图 1 系统框架图

2 硬件设计

本项目中的嵌入式平台主要有两个作用：一是用于接

收 ZigBee传输过来的信息并将之通过 GPRS模块转发至

服务器；二是接收并分析服务器的指令信息从而控制相应

的节点设备。

嵌入式平台主要汇聚各个 ZigBee 节点的传感器信息

并且通过广播发送指令信息控制 ZigBee 节点的工作。由

于平台需要处理大量传感器数据，加之要求其具有高性

能、低成本、低功耗等特点，适用于智能控制、警报系统等

应用场合。因此，笔者采用 STM32F103ZET6 微控制器

作为中心处理器。图 2为嵌入式平台硬件设计原理图。

图 2 嵌入式平台硬件设计原理图

平台主要负责采集各节点的传感器信息，对数据信息

进行处理、封装，包含显示电路、GPRS 电路。显示屏主要

负责实时显示本地连接情况、环境信息，便于管理员管理

维护本地设备。GPRS 电路为管理员远程监控建筑环境

提供通信链路。

3 网络设计

3.1 无线传感器网络设计

在无线模块组成的网络中，一个无线模块即被称为一

基于ZigBee和Android的古建筑火灾监测系统设计

黄 娟1，程浩东2，李勇峰1，梁钦策2

（1.北京理工大学珠海学院 信息学院，广东 珠海 519085; 2.西藏大学 工学院，西藏 拉萨 850000）

消防设备研究
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个节点。

根据系统设计的需要，笔者通过协调器节点、路由节

点、终端节点组成树状的网络结构，其拓扑图如图 3所示。

图 3 ZigBee 网络拓扑

树状网络非常适合监控相对较大的区域，节点通过协

调器节点或者父节点接入网络，一个树状网络可以看成由

一个协调器节点和若干个星形网络组成，一个星形网络覆

盖一个小的区域，其内的节点将采集的信息通过父节点

（路由节点）转发给协调器节点。每个节点只能和他的父

节点和子节点之间通信，距离较远的路由节点也可以通过

其附近的路由节点转发给协调器节点，通过一系列的转

发，可以生成多个层级，网络还具备自组织、自愈功能。

3.2 系统网络设计

每个 ZigBee 节点与传感器组相连，通过电池供电，并

且具有无线通信、简单的信息处理和预警等功能。节点将

获取到的信息数据通过协调器反馈给嵌入式平台，嵌入式

平台将处理后的数据通过 GPRS 上传至服务器。其整体

结构图如图 4所示。

图 4 网络结构图

4 系统软件程序设计

本系统软件程序涉及到 Android 客户端程序、服务器

程序、STM32 嵌入式平台应用程序、ZigBee 数据收发程

序等。限于文章篇幅，笔者只介绍 Android 客户端程序和

STM32嵌入式平台应用程序。

4.1 Android客户端程序设计

本系统中基于 elcipse4.3 软件开发 Android，网络通

信协议选用 TCP/IP 协议。通过 IP 地址和端口号与服务

器相连。其核心代码为：

s = new Socket("221.13.83.14", 30003);
br=new BufferedReader(new InputStreamReader(
s.getInputStream()));

os = s.getOutputStream();
应当注意的是，Android 联网需要相应的权限，代码

如下：

<uses_permission
android:name="android.permission.INTERNET" />

<uses-permission
android:name="android.permission.CHANGE_NET
WORK_STATE"/>

前者为普通联网权限，后者为WiFi权限。

客户端通过 io流操作逐行读取来自服务器的消息，用

户可通过 APP 界面查看这些信息并发送相应指令。图 5
为 Android客户端流程图。

图 5 APP 系统流程图

4.2 硬件平台程序设计

4.2.1 STM32数据传输

本系统中，笔者使用 C 语言对嵌入式系统进行编程，

主要实现的功能就是通过 GPRS 发送传感器采集的数据

至服务器和判断服务器发送过来的指令控制相应的设

备。STM32 接收 ZigBee 协调器发送的数据和向 GPRS
发送数据都是通过串口交换数据的，为了便于数据解码，

在数据传输中统一使用 UTF-8编码方式。

4.2.2 ZigBee无线通信协议

ZigBee 无线通信协议是用于数据在节点之间的传

递。STM32 系统通过串口直接与 ZigBee 协调器交互，

ZigBee 协调器与 ZigBee 节点之间采用的是无线通信，因

此设计了查询、控制节点等报文。协调器通过发送报文获

取节点信息及控制节点，表 1 为查询所有终端数据发送报
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文格式，其共有 6 Byte，由开始码、地址、功能码、校验码和

结束码组成。功能码表示命令的类型，地址代表某个节点

的身份，2 Byte 的网络开发地址。因数据传输采用打包机

制，故查询数据时只需查询所有终端上所有传感器的数据

即可，从而节省网络带宽。

表 1 查询终端数据发送报文格式

开始

1 Byte

地址

2 Byte

功能码

1 Byte

校验码

1 Byte

结束

1 Byte

ZigBee 协调器与 ZigBee 节点之间采用的是无线通

信，因此设计了一种可扩展的无线数据响应报文格式，如

表 2 所示，总体分为五部分，即：开始码、执行状态、数据、

校验码和结束码。数据即采集到的传感数据，数据根据节

点数量扩展的数据空间。表 3中，单个节点数据为 2 Byte
的空气温湿度、2 Byte 的 CO 浓度、2 Byte 的烟雾浓度数

据以及 1 Byte 火焰强度。表 4 为控制终端的协调器向终

端节点发送的控制报文。

表 2 终端响应报文格式

开始

1 Byte

地址

2 Byte

功能码

1 Byte

数据

1 Byte

校验码

1 Byte

结束

1 Byte

表 3 终端响应报文中单个节点数据内容

命令头 ... 第 n 个节点数据

温湿度

2 Byte

CO
浓度

2 Byte

烟雾

浓度

2 Byte

火焰

强度

1 Byte

... 命令尾

表 4 控制终端发送报文格式

开始

1 Byte

执行状态

1 Byte

数据

...

校验码

1 Byte

结束

1 Byte

5 测试与分析

系统搭建结束，对其进行测试，选用 OPPO R7 手机

作为测试机。将 APP 安装好之后，打开服务器等待连接，

APP和嵌入式平台通过 IP地址和端口号与服务器建立连

接。笔者在西藏大学工学院 1 号实验楼 407 室设置若干

ZigBee节点进行模拟实验。以实验室模拟古建筑环境，并

通过燃放易燃物等操作模拟建筑内环境，并通过 ZigBee
节点获取环境信息。

首先通过手机发送指令，获取整个传感器网络节点的

实时数据，通过 APP 顶部下拉框可监测不同节点的实时

信息。当点击刷新数据按钮时，APP会发送对应指令至服

务器，APP 通过服务器反馈的信息判断指令是否发送成

功，并通过屏幕中间的 TextView 文本框提醒用户，同时

更新各项参数数据，APP 会周期地获取数据，并根据人为

设定的临界值自行判断环境参数是否正常，并提示用户。

APP 根据各个节点信息判断建筑内环境参数有可能

发生火灾时，会发出警报。系统通过判断温度、湿度、CO、

烟雾 4 个参数中的某个参数是否超过临界值，智能选择灭

火方式；若系统出现故障，用户亦可通过 APP 手动警报，

APP会通过服务器将指令发送至嵌入式平台，嵌入式平台

接收到警报指令，扬声器会发出警报提示寺庙的工作人员

和游客，并人为完成控制寺庙中的设备选择浇水灭火或干

粉灭火等操作。再次点击按钮，即可停止警报。

经过实验测试，APP可以获得较为准确的建筑实时信

息数据，同时嵌入式平台能及时响应用户的指令并进行相

应的操作。因此，该系统能较好地应用于寺庙等环境复杂

的场景，并能提供较高的安全保障，实用性较强。

6 结束语

西藏古建筑火灾监测系统将 ZigBee 无线传感器网络

技术和 Android 技术整合到一起，实现了对古建筑的温湿

度、CO、烟雾浓度、火焰强度等环境信息的实时监测和整

体防护。经实验验证，该系统可以准确地监测古建筑环境

信息与判别安全参数，并能及时响应 APP 端的控制指令，

系统使用方便、性能稳定，适合古建筑等环境参数复杂的

环境使用。
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Abstract:Aiming at the complex fire situation and poor predictabili⁃
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ty of ancient buildings in Tibet, an intelligent mobile monitoring

system was designed based on ZigBee and Android platform. The

system completes the design of ZigBee wireless sensor network,

the development of Android client and the implementation of relat⁃

ed middleware. The data collected by various sensors is uploaded

to the client through GPRS. Experiments show that the system can

realize real- time feedback of ancient building environment infor⁃

mation and timely response to user instructions.

Key words: ancient building; fire monitoring; ZigBee; Android;

GPRS
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通过锥形水雾上方空隙蔓延出火源区域，且随着燃烧

的不断进行烟气量越来越多，有少部分烟气由下端蔓延出

隧道，说明细水雾在火灾前期有良好的阻隔烟气的作用，

但随着燃烧的持续进行，阻烟效果会降低。

（2）细水雾具有良好的隔热降温效果。无细水雾作用

时，隧道内都处于较高温度，尤其是顶棚附近烟气温度较

高，对隧道内人员生命安全和隧道结构的稳定程度构成很

大危险。细水雾开启后，火场内温度有明显降低，对顶棚

温度的降低效果良好，很好地保护了隧道刚性结构。

（3）起火点不同位置对细水雾性能无明显影响，烟气

的蔓延规律基本一致。火源位于侧壁时细水雾的降温效

果相较于地面中心较小，但对不同功率火源均有明显降温

效果，降温效率稳定。

（4）细水雾系统应用于实际工程中时，可通过调节喷

头压力改变细水雾的雾滴粒径，喷头压力越大，雾滴粒径

越小，吸热蒸发速率越快，对火场热量隔绝能力越强，降温

隔热效果越好。但喷头压力对管网设计要求较高，且细水

雾降温效果并非一直随喷头压力增大而更好，应根据实际

管网设计、水量要求等情况合理选择喷头压力。
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Fire control performance of water mist system

in urban highway tunnel

SU Zi-min，HUANG Bao，FENG Jian-an

（Nanning Rail Transit Co., Ltd,Guangxi Nanning 530029, China）

Abstract: A tunnel model was established, fire scenarios was set

by changing parameters such as power of fire source, position of

fire source, number of water mist nozzles and diameter of mist

droplets, to study the fire control performance of water mist in ur⁃

ban highway tunnel. The research results showed that the water

mist has good cooling and heat insulation effect, which can prevent

the smoke diffusion better. When the fire source is close to the tun⁃

nel sidewall, the cooling effect is slightly worse than when the fire

source is located at the center of the tunnel ground. The larger the

nozzle pressure, the smaller the spray particle size, the larger the

contact surface with the flue gas, the higher the heat absorption

and evaporation efficiency, and the better the cooling effect.

Key words: tunnel fire; water mist; numerical simulation; smoke

spread; cooling efficiency
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・科技信息・

火灾中钢材热-力耦合分析材料
模型研究

英国研究人员开展了火灾中钢材热-力耦合

分析材料模型的研究。建立了高温下钢结构多轴

应力分析的新材料模型。研究提出的各向同性-
动态硬化材料组合模型，考虑了包兴格效应、瞬态

硬化行为、地震后引发的火灾以及火灾蔓延造成

的多轴结构分析时的荷载变向。所提出的材料模

型已在 ABAQUS 中使用 UMAT 子程序实现，并

与实验数据进行了验证，取得了较好的一致性。

该模型在分析经受实际建筑火灾的结构受力性能

方面也开展了应用，适用于基于性能化的工程结

构火灾分析。

肖 科 供稿
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要!研究了电动汽车聚合商如何决策最优的经济激励
值和充电量! 以达到收益最大化的目的" 提出了用户向聚
合商交流其充电情况的主动需求响应方式$ 构造了基于经
济激励的电动汽车聚合商的最优充电调度模型! 所建立的
调度模型是一个二层模型! 上层以聚合商收益最大为目标!

以用户主动需求响应量为约束! 下层为实时电力市场的出
清模型! 上层模型中的市场电价来自于下层模型$ 将该模
型转化为混合整数线性规划模型! 采用拉格朗日替代法与
分支切割法的协同组合方法求解" 算例分析表明所提模型
能够提高聚合商的收益"

关键词!电动汽车聚合商$ 激励型主动需求响应$ 充电调
度$ 电力市场$ 电动出租车
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!

引
!

言

大量电动汽车接入电网充电会对电网产生重要

影响#为有效降低其负面影响#已有较多有序充电

方面的研究成果发表#主要可归结为直接充电负荷

控制方法和电价引导方法'

%

(

)电价引导有静态分时

电价和动态分时电价)静态分时电价其费率和时段

固定#简单易行#但可能导致系统负荷在夜间出现

另外一个高峰#影响配网的安全运行)为解决这一

问题#有研究者提出了动态分时电价#调度机构在

有新的电动汽车入网时重新计算新的分时电价时

段#但由于电动汽车不是同时接入电网#每当有电

动汽车入网就要计算一次#计算量大)因此#当电

动汽车数量达到一定规模后#无论是直接控制充电

负荷还是用电价引导#由调度机构统一管理每辆电

动汽车是不现实的)比较可行的方案是通过聚合

商#对电动汽车实行分散管理)我国新电改提出了

放开售电侧市场#允许不同的市场主体组建售电公

司'

#!

(

)电动汽车聚合商属于售电公司的一种#从

批发市场购电再出售给电动汽车用户)作为一个追

求利润的独立售电公司#聚合商的目的是最大限度

地提高收益#因此#聚合商利益的优化是一个重要

的问题)

随着电动汽车的发展#电动汽车不仅在私家车

中占有很高比例#以出租车为代表的公共交通车辆

也将逐步被电动汽车取代'

V

(

)与私家车相比#出租

车每天需要保持更长时间地运行状态#需要消耗更

多的电量#用电特性也更加复杂'

RA

(

)本文研究的

前提是聚合商旗下有私家车和出租车
#

种用户#由

于电动汽车行为的随机性#聚合商从现货市场购电
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以满足用户的充电需求)聚合商会在日前市场购买

一部分电能#但是到了实际时刻#用户的充电需求

可能会和日前购买量有所差别#尤其是出租车#其

接入电网的随机性较大#日前市场购买的电能可能

与实际需求相差较大#因此需要进一步在实时市场

进行交易)聚合商在实时市场购电时#需要确定购

电量#这使得开展电动汽车聚合商充电调度的研究

具有重要意义)

目前已有少数文献研究了电动汽车聚合商在日

前市场如何确定最优的充电量'

&#$

(

#但文献中的电

动汽车用户均为私家车#没有考虑电动出租车#而

且也没有考虑需求响应)实时市场的批发电价是波

动的#而如果聚合商对用户的零售电价固定#这会

给聚合商带来一定的利润风险#此时聚合商可以通

过向用户提供需求响应项目来降低损失)通过需求

侧响应#一方面#用户可以通过响应聚合商的负荷

调节信号来获得补贴%另一方面#聚合商可以利用

需求侧的弹性在电力市场中选择更有利的报价策

略#进而降低购电成本和运营风险#增加收益'

#%

(

)

需求响应通常分为价格型需求响应和激励型需

求响应)价格需求响应下#用户被迫接受随批发电

价波动而变化的零售电价#在用户接受度和公平性

方面存在问题)激励型需求响应中应用比较广泛的

是可中断负荷#但有研究表明由于该项目强制中断

用户用电#给用户的生活带来不便#可能会引起用

户的反感'

##

(

)

为此#本文设计了基于经济激励的需求响应方

式鼓励用户减少负荷)与可中断负荷方式相比#本

文的需求响应方式是建立在用户自愿响应的基础

上#用户有权选择是否参与响应#参与意愿度更

高)与价格型需求响应相比#用户面对的是固定的

零售电价#更易于接受#其实施背景与现有的固定

零售电价模式一致#更容易实施)

有文献研究了普通负荷聚合商如何利用奖励
!

激励用户减少负荷#其计算奖励券的方法有
#

种$

一是聚合商向用户公布奖励
!

#用户反馈给聚合商

其用电量#聚合商重新计算奖励
!

并再次公布#如

此迭代多次直到收敛'

##

(

#花费时间较长%二是聚

合商在发放奖励
!

之前先估计用户的响应'

#%

(

#然

而不同的估计方法导致不同的结果)

#

种方法其本

质均为被动需求响应#本文采用用户通过与聚合商

交流其放弃充电所要求的经济激励值来参与需求响

应的主动需求响应方式#聚合商和用户之间迭代一

次即可)

本文首先介绍了电动汽车聚合商的购电过程%

接着给出了实时市场出清模型%然后分析了电动汽

车充电负荷与经济激励的关系#提出了计及激励型

主动需求响应的聚合商在实时电力市场的最优充电

调度模型%最后将模型转化为混合整数线性规划模

型#采用拉格朗日替代法与分支切割法的协同组合

方法求解#并通过算例对方法的有效性进行了验证

和分析)

C

!

聚合商的最优充电调度模型

CEC

!

聚合商的购电过程

电力市场结构如图
%

所示)发电商向交易中心

提交报价#聚合商向交易中心提交购电量#交易中

心进行市场出清确定市场电价和交易量)

图
%

!

电力市场结构图

Z1

I

5%

!

L0+;/0;+*(M08**.*/0+1/10

O

=>+[*0

每个时刻前
%R=1,

#在该时刻想要充电的私家

车和出租车用户告知聚合商其充电需求)电网公布

该时刻的系统条件或者天气情况的重大变化#聚合

商结合历史报价和负荷数据#模拟实时市场出清过

程计算实时批发电价)聚合商通知有充电需求的用

户提交放弃充电所要求的经济激励值#然后综合各

个用户上报的数据得到总的 *经济激励值
W

用电

量+曲线#通过优化计算确定经济激励值和最终的

充电量#最后向用户发放经济激励#向电力市场交

易中心提交购电量)

CED

!

实时市场出清模型

设在实时电力市场中#交易中心采用统一电价

出清#市场出清模型的目标为发电商成本最低#决

策变量为市场电价和各发电商的发电量#即通过求

解以下模型进行出清$

目标函数为

@%

第
"

期 宫
!

鑫等$计及激励型需求响应的电动汽车聚合商充电优化调度
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=1,

&

%

"

$

%

A

"#L"#

!

%

"

!!

约束条件为

&

%

"

$

%

L"#

$

<

#

&

O

#

$

!

#

#

4

#

!

#

"

L"#=1,

'

L"#

'

L"#=>:

$

"

"#=1,

#

"

"#=>:

#

4

#

!

!

"

式中$

%

为发电商的数量%

A

"#

为发电商
"

在
#

时刻

的报价参数%

L"#

为发电商
"

在
#

时刻的发电量%

<

#

为聚合商在实时市场的购电量%

O

#

为其他实时平

衡负荷%

L"#=1,

和
L"#=>:

分别为发电商
#

时刻发电量的

最小值和最大值%

!

#

为实时市场的出清电价%

"

"#=1,

和
"

"#=>:

分别为约束条件!

!

"对应的拉格朗日乘子)

CEH

!

电动汽车充电负荷与经济激励的关系

根据私家车用户对激励的响应方式不同#将私

家车用户分为以下
#

类)

第
%

类用户$出行时间距离当前时间很紧#剩

余电池容量较少#需要立刻充电#则该类用户不响

应经济激励)

第
#

类用户$出行时间距离当前时间较长#是

否响应激励与其收入水平有关)不同收入水平的用

户#对接受激励后电费支出减少率的响应不同#这

里采用用户向聚合商上报其所要求的激励值的方

式#各用户计算出使其电费减少率达到自己期望的

激励值并上报给聚合商#即通过式!

V

"计算激励值)

!

$

(

J

7

'

7

!

$

$

P

!

V

"

式中$

!

$

为不响应激励时用户的电费%

J

7

为用户

7

上报的激励值%

'

7

为用户
7

的充电功率%

P

为期

望的电费减少率)

出租车用户向聚合商上报的数据为其
#

时刻不

充电所要求的经济激励#其计算原理如下$

出租车电池的电量是有限的#对于任意时刻的

某一剩余电量#可以计算出出租车的可运营时间
)

和可充电时段)为使出租车保持运营状态#在可运

营时间内至少选择
%

个时段充电'

##

(

)例如#假设

电动出租车的电池余量为
%$̂

时可运营
%

个时段)

为减少电池损耗#设在剩余电量为
#$̂

时#必须

充电)则在某时段
#

#出租车
%

剩余电量为
#$̂

#

则为了使出租车保持运营状态#出租车
%

必须在
#

马上充电%出租车
#

剩余电量为
!$̂

#则可运营

时间为 '

#

#

#&%

(#可充电时段为
#

和
#&%

#为保

持运营状态#必须至少从这
#

个时段中选择
%

个充

电%出租车
!

剩余电量为
V$̂

#则可运营时间为

'

#

#

#&#

(#可充电时段为
#

&

#d%

&

#d#

#从这
!

个时段中至少选择
%

个充电可保证正常运营)

设出租车为恒功率充放电#充电一个时段增加

电量
N

8

#运营一个时段消耗电量
N

M

#

N

8

g

,

!

N

M

'

#!

(

#

,

为比例系数)从中选择了一个时段充电以

后#出租车电池的剩余电量得到了更新#下一个可

运营区间也相应变化)

出租车每个时段的营业额
Q

#

不同#将
Q

#

(

Q

#M=1,

!

#M

5

#

#

#M

1

)

"作为出租车在
#

时段不充电的

经济激励
J

7

#其中
Q

#M=1,

为除
#

时刻之外的其他时

刻营业额的最小值)这里假设在相同收益下#车主

会放弃在当前时刻充电#并假设车主会真实上

报
J

7

)

聚合商将
,

个用户上报的单位电量激励值
J

E

!

E$%

#

#

#.#

,

"从小到大排列#计算出每个激

励值下用户的充电量#则可得到充电量
(

经济激励

曲线#其数学表达式为

<

$

,'

&

<

)$

#

J

3

J

=1,

!

,

(

+

"

'

&

<

)

#

J

0

'

J

3

J

0

&

%

$

#

J

,

J

=>:

0

$

%

#

#

#.#

#

$

%

;

!

R

"

式中$

<

为充电负荷%

J

为单位电量激励值%

J

=1,

&

J

=>:

分别为经济激励的最小值和最大值%

J

0

为第
0

个经济激励数据%

,

为一开始准备充电的出租车数

量%

+

为放弃充电的出租车数量%

;

为经济激励值

的个数%

'

为出租车的充电功率%

<

)$

为响应激励

之前的私家车负荷%

<

)

为响应激励后的私家车

负荷)

CEI

!

聚合商的最优充电调度模型

聚合商充电调度模型的决策变量为经济激励值

和用户的充电量)由于实时电价由实时市场出清模

型决定#充电调度模型为一个二层模型$上层以聚

合商利润最大化为目标%下层为以发电商成本最低

为目标的市场出清模型#该模型为

=>:

F

<

#

(!

#

<

#

(

+

#

'J

#

(

!

<

)#$

(

<

)#

"

J

#

!

"

"

!!

约束条件为

<

#

$

,

#

'

&

<

)#$

J

#

3

J

#=1,

!

,

#

(

+

#

"

'

&

<

)#

J

#0

'

J

#

3

J

#

!

0

&

%

"

$ J

#

,

J

#=>:

0

$

%

#

#

#.#

#

$

%

;

!

@

"

A%

现
!

代
!

电
!

力
!!!

#$%&

年
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+

#

2

$

!

A

"

式!

"

"中$第
%

项为聚合商的售电收入%第
#

项为

购电成本%第
!

项为向响应激励的出租车用户所发

放的激励成本%第
V

项为向响应激励的私家车用户

发放的激励成本)

式!

"

"

.

!

A

"中$

F

为零售电价%

<

#

为
#

时刻总

负荷%

J

#

为
#

时刻的经济激励%

J

#0

为
#

时刻第
0

个

经济激励数据%

J

#

!

0&%

"

为
#

时刻第
0&%

个经济激励

数据%

;

为经济激励值的个数%

J

#=1,

&

J

#=>:

分别为

#

时刻经济激励的最小值和最大值%

,

#

和
+

#

分别为

#

时刻原来准备充电的出租车数量和放弃充电的出

租车数量%

<

)#$

为
#

时刻原计划要充电的私家车负

荷%

<

)#

为
#

时刻充电的私家车负荷%

!

#

由式!

%

"

.

!

!

"得到)

D

!

求解过程

实时市场出清模型的
ffC

条件为

A

"#

(!

#

("

"#=1,

&"

"#=>:

$

$

!

&

"

&

%

"

$

%

L"#

$

<

#

&

O

#

!

%$

"

$

'

"

"#=>:

6

L"#=>:

(

L"#

,

$

!

%%

"

$

'

"

"#=1,

6

L"#

(

L"#=1,

,

$

!

%#

"

!!

上述!

%$

"

&

!

%%

"所示的
ffC

条件可通过引入

二进制变量将其线性化为如下最优条件$

$

'

"

"#=>:

'

4

"

=>:

(

"

"=>:

!

%!

"

$

'

L"#=>:

(

L"#

'

4

"

=>:

!

%

((

"

"=>:

" !

%V

"

$

'

"

"#=1,

'

4

"

=1,

(

"

"=1,

!

%R

"

$

'

L"#

(

L"#=1,

'

4

"

=1,

!

%

((

"

"=1,

" !

%"

"

式中$

4

"

=>:

&

4

"

=1,

为足够大的常数%

(

"

"=>:

&

(

"

"=1,

为二进制变量)

模型目标函数中的
!

#

<

#

为非线性项#可利用强

对偶理论将其线性化)根据强对偶理论#原问题的

目标函数等于对偶问题的目标函数#对于实时市场

出清模型#即

!

#

!

<

#

&

O

#

"

&"

"#=>:

!

(

L"#=>:

"

&"

"#=1,

!

L"#=1,

"

$

&

%

"

$

%

!

A

"#L"#

" !

%@

"

!!

进一步可得

!

#

<

#

$

&

%

"

$

%

!

A

"#L"#

"

("

"#=>:

!

(

L"#=>:

"

(

"

"#=1,

!

L"#=1,

"

(!

#

O

#

!

%A

"

!!

式!

%A

"所示等式右边的表达式为线性表达式)

<

#

为关于
J

#

的分段函数#为方便求解#将式

!

@

"变换为式!

%&

"#其推导过程略)

+

#

J

#

$

&

I

R

$

#

=R#

!

R

(

%

"

J

#

!

R

(

%

"

!

%&

"

式中$

=R#

为
$ %

变量#

=R#

$%

表示
J

#

在第
R

个区

间#

=R#

$$

表示
J

#

不在第
R

个区间%

I

为分段区间

个数)由于
R$%

时不进行激励#竞标模型是在需

要激励时才进行计算#因此#式!

%&

"中
R

从
#

开始)

至此#聚合商的竞标问题成为一个混合整数线

性规划!

'E_2

"问题)

'E_2

问题传统的求解方法

是拉格朗日松弛法和次梯度法#缺点是计算量大且

收敛慢)很多研究者提出分支切割法!

X+>,/8>,)

/;0

#

SBP

"#然而由于确定凸集的切割难以获得#

复杂的问题仍需花费重大的计算代价)最近#

'1[8>1.B5S+>

I

1,

等提出了拉格朗日松弛替代

法'

#V

(

!

N;++(

I

>0*.>

I

+>,

I

1>,+*.>:>01(,

#

L_̀

"#更

新乘子时不需要得到所有子问题的最优解#收敛到

最优解不需要知道最优对偶值#大大减少计算工作

量)在求解过程中#拉格朗日乘子之间的距离在连

续迭代中不断减少#最终收敛到唯一值)为了更加

有效地利用分离性以及线性#

'1[8>1.B5S+>

I

1,

等提出将
L_̀

和
SBP

协同组合来求解
'E_2

问

题'

#V

(

#其基本思想是利用
L_̀

通过松弛耦合约束

将问题分解成子问题#每个子问题的求解采用

SBP

)求解过程中#子问题的相关约束局部地处

理#不会影响整个问题#而且单个的子问题比原来

的问题更容易获得有效的切割)

利用
L_̀ dSBP

方法求解本文提出的模型#

其算法流程图如图
#

所示)

图
#

!

算法流程

Z1

I

5#

!

Z.(3/8>+0(M08*>.

I

(+108=

&%

第
"

期 宫
!

鑫等$计及激励型需求响应的电动汽车聚合商充电优化调度
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图
#

中#拉格朗日乘子的迭代公式略)

为求解该优化问题#将耦合约束条件!

%$

"&

!

%&

"松弛化#引入拉格朗日乘子得到松弛化问题为

=>:

F

<

#

(!

#

<

#

(

&

I

R

$

#

'

=R#

!

R

(

%

"

J

#

!

R

(

%

"

(

J

#

!

R

(

%

"

!

<

)#$

(

<

)#

"

&%

%

!

&

%

"

$

%

L"#

(

<

#

(

O

#

"

&

%

#

!

&

I

R

$

#

=R#

(

%

" !

#$

"

式中$

%

%

和
%

#

为拉格朗日乘子#上述问题可分解

成
I(%

个子问题)

H

!

算
!

例

设出租车电池容量为
"$[\8

#剩余
LUP

均匀

分布在!

#$̂

#

A$̂

"#充电功率为
!$[\

#耗电功

率
%$[\8

#营业额数据取自文献 '

V

(#设电池剩

余
LUP

的下限值为
#$̂

)假设实际接入的私家车

比日前预测多了
#R$

辆#其参数根据表
%

中的数据

随机选取#为简化分析#设第
%

类用户占
#$̂

#

第
#

类用户中
"$̂

的用户的期望电费支出减少率

为
%$̂

#其余
V$̂

的用户期望电费支出减少率为

#$̂

)计算时段为
%8

)

表
C

!

电动私家汽车数据的概率分布

9-?5/C

!

$)+F-.//5/6.)+6F/0+65/

;

-)-:/./)8

;

)(?-?+5+.

2

*+8.)+?G.+(,

电动私家车参数 分布类型 均值 标准差 最小值最大值

电池容量,
[\8

均匀分布
%A "5&! " !$

初始
LUP

,

^

截尾正态分布
@R #R #R &R

额定充电功率,
[\

截尾正态分布
!5RV %5VA # %$

实时市场发电商的报价数据如表
#

所示#发电

商
V

为风力发电商#其报价在一定范围内变化#取

风力发电商
V

种不同的报价参数代表
V

种不同的批

发电价情形)实时市场的其他负荷数据取自文献

'

%V

()零售电价为
R$JL7

,

'\8

)

L_̀

算法的迭

代停止标准为对偶间隙大于
%̂

#

SBP

算法的迭代

停止标准为计算时间超过
%$=1,

#算法利用

P_2-c

软件实现)

表
!

给出了批发电价为
R$5R@JL7

,

'\8

#出

租车数量为
%"$

辆时#聚合商根据用户上报的激励

值计算出的激励值为不同数值时对应的充电负荷#

表中给出的是部分数据)

表
D

!

发电商报价参数

9-?5/D

!

$-)-:/./)8(3

1

/,/)-.()8

发电商
A

,

JL7

,

'\8

最大值,
'\

% !R R$

# !$ #$

! #R #$

V %R

&

%#$ R$

表
H

!

不同激励值时聚合商计算的充电负荷

9-?5/H

!

'0-)

1

+,

1

5(-*86-56G5-./*?

2

-

11

)/

1

-.()A+.0

*+33/)/,.+,6/,.+F/F-5G/8

激励
JL7

,

'\8

充电负荷,
[\

激励
JL7

,

'\8

充电负荷,
[\

$ RRVA5# @5@A V#@!5R

#5#! R#$$5! &5#& !@!!5&

V5%R R$&&5% %%5%% !R"V5%

"5$" VA"#5! %!5R& !#$$5R

表
V

给出了批发电价和出租车数量不同的情形

下#不实施需求响应项目和实施经济激励的需求响

应项目时的实时电价&经济激励总额&出租车和私

家车充电负荷以及聚合商收益的计算结果#收益指

收入减去成本)共分析了
V

种情形$情形
%

为实时

批发电价较低的情形%情形
#

为批发电价稍高的情

形%情形
!

为批发电价较高的情形%情形
V

为批发

电价很高且出租车数量较大时的情形)

表
I

!

计算结果

9-?5/I

!

'(:

;

G.-.+(,-5)/8G5.8(3.0/:(*/5

情形

电价

JL7

,

'\8

激励

JL7

,

'\8

出租车

负荷,

[\

私家车负荷,

[\

聚合商

收益,

JL7

% !$

,

!$ $ !AV$

,

!AV$@VA5#

,

@VA5# &%5A

,

&%5A

# !R5%V

,

!%5@RR5A% VA$$

,

V#$$@VA5#

,

@VA5# A#5R

,

A@5%

! R$5R@

,

V#5"!&5#R VA$$

,

!%#$@VA5#

,

"#%5V W!5#

,

%$5&

V "V5@&

,

RV5R#%%5V$R@"$

,

!AV$@VA5#

,

R%A5&WAR5#

,

WV!5@

表
V

中#*无+表示没有基于激励的需求响应

项目#*有+表示会在需要时进行激励)

结果表明#当实时批发电价较低!情形
%

"时#

聚合商没有动力进行激励%当实时批发电价较高

!情形
#

至情形
V

"时#聚合商会进行激励)进行经

济激励后#负荷减少#批发电价降低#聚合商的收

益提高)

为了分析采用本文方法后#整个调度周期!

%

$#

现
!

代
!

电
!

力
!!!

#$%&

年
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天"内聚合商的收益#表
R

给出了采用基于经济激

励的需求响应后#

%

天内聚合商收益并与无需求响

应的情况进行比较)为简化分析#设计算的起始时

刻有
%"$

辆出租车接入#其他时刻均未有新的出租

车接入)

表
J

!

整个调度周期内聚合商收益比较

9-?5/J

!

>

11

)/

1

-.())/F/,G/6(:

;

-)+8(,+,.0/A0(5/

860/*G5+,

1

6

2

65/

无需求响应 激励型需求响应

聚合商收益,
JL7 !R%5R V#"5A

从表
R

可以看出#基于激励的需求响应方法使

整个调度周期内聚合商的收益大于无需求响应的

情况)

I

!

结
!

论

研究了电动汽车聚合商如何决策最优的经济激

励和充电量以获得收益最大化)利用算例对所提模

型的有效性和正确性进行了验证和分析#并与不实

施需求响应的情形做了对比#结果表明基于经济激

励的需求响应可以提高聚合商收益)

研究的前提是假设电动汽车放电模型为线性放

电模型#实际中电动汽车耗电量受车况和路况等多

种因素的影响#是时变的#因此本文下一步的研究

工作为建立更接近实际情况的电动汽车放电模型#

并在该模型的基础上研究聚合商的最优充电调度)
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基于单片机的激光二极管温度控制研究

喻武龙 1

（北京理工大学珠海学院，广东，珠海，519085）
摘要：激光二极管对温度具有高精度、超调量小等特点，被广泛应用于各领域中，其性能受运行温度影响较为严重，

需要保证其工作温度的恒定。因此深入研究基于单片机的激光二极管温度控制方法，以MSP430F449单片机和半导

体制冷片作为主控制器和制冷器，通过温度采集电路采集激光二极管当前温度，用阻值表示，仪表放大器将阻值转

化为电压值，同单片机控制器设定的电压值对比，获取温度差值信号；单片机控制器采用 PID控制算法处理温度差

值信号后，利用定时器生成脉冲宽度调制模式输出电压，电压由驱动电路进入制冷器内产生电流，制冷器按照电流

流通方向，对激光二极管进行制冷或加热，完成激光二极管温度控制。实验结果表明，此方法温度控制误差低于

0.03℃，且温度控制响应时间为 30s，优于对比方法。

关键词：单片机；激光二极管；温度控制；温度采集；半导体制冷片；PID算法

中图分类号：TP273 文献标识码：A

Research on Laser Diode Temperature Control Based on Single Chip

Microcomputer
Yu-Wulong1

(1. Beijing Institute of Technology，Zhuhai, Guangdong Zhuhai 519085, China)
Absrtact: Laser diode is widely used in various fields because of its high accuracy and small overshoot. Its performance is
seriously affected by the operating temperature. It is necessary to ensure the constant working temperature. Therefore, the
temperature control method of laser diode based on MCU is deeply studied. MSP430F449 MCU and semiconductor chiller
are used as main controller and cooler. The current temperature of laser diode is collected by temperature acquisition circuit.
The resistance value is expressed by resistance value. The instrument amplifier converts resistance value into voltage value,
and compares it with the voltage value set by MCU controller to obtain temperature difference signal. After processing the
temperature difference signal with PID control algorithm, the output voltage of pulse width modulation mode is generated
by timer. The voltage is generated by driving circuit into the cooler, and the cooler refrigerates or heats the laser diode
according to the direction of current flow to complete the temperature control of the laser diode. The experimental results
show that the temperature control error of this method is less than 0.03 C, and the response time of temperature control is 30
s, which is better than the contrast method.
Key words: MCU; Laser Diode; Temperature Control; Temperature Collection; Semiconductor Refrigerator; PID
Algorithms

1引言

作为光纤通信系统内主要的光源，激光二极管不仅

具有效率高、易于调制的优势，同时还具有体型小、结

构简单、成本低等特点[1]，因此被广泛应用在激光测距、

光信息处理和激光引信等领域中。激光二极管的工作过

程中，会将少量电能转变为热能，造成激光二极管的温

度上升与波动，导致其出光性能受到较大影响[2]。根据

以往的相关研究可知，当激光二极管温度上升时，其阈

值电流也随之上升，其出光功率在驱动电源恒定的状态

下也随之上升；激光二极管温度上升时，其出射光波有

较高概率出现约 0.9nm/℃的红移现象[3]，导致固定条件

下波长无法达到所设标准。同时激光二极管的工作寿命

及输出功率均与其温度的波动存在直接关系[4]。为了提

升激光二极管的输出精度与稳定性，同时延长其工作寿

命，需要精确控制激光二极管的运行温度。

由控制器、运算器以及存储器等组成的单片机在功

能上与计算机相似，具有体积小，成本低、可置于机器

内部等优势，是具有代表性的微控制器[5,6]。因此，提出

基于单片机的激光二极管温度控制方法，以单片机和半

导体制冷片分别作为主控制器和制冷器，通过 PID控制

算法控制电压输出，利用制冷器快速精准的控制激光二

极管温度。

2基于单片机的激光二极管温度控制

基于单片机的激光二极管温度控制过程主要分为

温度采样和单片机控制两部分[7]，通过温度采集电路采

集激光二极管当前温度，以电阻值表示，利用桥式电路

与仪表放大器将电阻值转变成电压值，此电压值与主控

制器给定的控制电压值相比较，获取温度差值信号；以

MSP430F449单片机作为主控制器，采用 PID控制算法

处理温度差值信号后，利用定时器生成脉冲宽度调制模



式输出电压，电压由驱动电路进入半导体制冷片内产生

电流，半导体制冷片按照电流流通方向，对激光二极管

进行制冷或加热，完成激光二极管温度控制。图 1为激

光二极管温度控制过程。

图 1 激光二极管温度控制过程

2.1温度采样

基于单片机控制激光二极管温度时，需要先通过温

度采集电路采集激光二极管当前的温度，根据采集的温

度结果进行温度控制，温度采集电路如图 2所示。温度

采集电路由热敏电阻器、专用仪表放大器、数模转换器、

减法器等构成[8]。通过具有负温度系数的热敏电阻采集

激光二极管当前温度，当激光二极管温度上升时，热敏

电阻的阻值下降[9]；利用桥式电路与仪表放大器 AD620
可将负温度系数热敏电阻器的阻值转变成电压值，传输

至主控制器内。对比此电压值与主控制器给定的控制电

压值，获取温度差值信号，根据温度差值信号得到温度

误差。

图 2 温度采集电路

数模转换器在温度采集过程中的主要作用是通过

连接模拟控制电路和数字控制电路，实现数字电压与模

拟电压的转换[10]。数模转换器选择 16位低功耗 DAC转

换芯片 AD5541与 DSP 芯片，DAC 转换芯片采用三线

串行控制方式，DSP 芯片的 SPI结构作为连接中心连接

DAC转换芯片和单片机控制器。通过电阻同具有负温度

系数的热敏电阻组成的桥式结构同专用仪表放大器

AD620相连。减法器采用 AD8276芯片，其内部具有 4
个激光刻蚀技术集成的温度特性匹配电阻，在无外围电

路条件下完成电阻计算。

桥式电路内的除热敏电阻外的其他电阻均采用温

度漂移系数一致的精密电阻，以降低模拟电路控制精度

受外部温度变化的影响，提升激光二极管温度采集的精

度。热敏电阻同仪表放大器 AD620间的关系通过式（1）
描述：

2

3 1 2

49.41 r r r
s

h r

RU RUU
R R R R R

  
       

（1）

式（1）内， sU 为温度输出电压； rR 和 1R 、 2R 、

3R 分别为桥式电路内的热敏电阻和其他电阻的阻值；

rU 为阻值转变的电压值； hR 为 1R 、 2R 、 3R 阻值的和。

当 1 2R R =10kΩ， 3R =4.9 kΩ时， hR 值为 25kΩ, rU 为

5V，此时 sU 值如下：

3 0.5
5.1
r

s r
r

RU U
R

 
   

（2）

仪表放大器中共包含三个运算放大器，桥式电路各

路输出均传输至运算放大器的正输入端[11]。由于运算放

大器正输入端的输入阻抗约为无穷大，因此热敏电阻变

化受后端电路影响程度可降至最低。同时 AD620 的电

压噪声密度和温漂系数均低于同类型机器的平均水平，

且具有简易的外围电路，通过一个外接电阻即可调整电

路放大倍数、抑制极高共模电压。

2.2制冷器控制与驱动

以MSP430F449单片机作为激光二极管温度控制的

主控制器，以半导体制冷片作为制冷器[12,13]，主控制器

的功能为采用 PID控制算法处理温度差值信号，并利用

不同占空比的电压控制驱动电路。

制冷器的驱动模式分别两种，分别是以波纹小为优

势的线性模式和以低功耗、低散热、高电源效率为优势

的脉冲宽度调制模式[14]。制冷器采用线性模式驱动过程

中，功率三极管于线性区运行，输入电压控制输出电流，

此驱动模式下制冷器的效率较低，散热量较大。制冷器

采用脉冲宽度调制模式驱动过程中，场效应管运行在开

关状态，脉冲信号的占空比控制输出电流的方向和大

小，此驱动模式下制冷器中含有噪声，需进行滤波以降

低波纹电压。基于上述分析，在控制激光二极管温度时，

制冷器选取脉冲宽度调制模式驱动。MSP430F449单片

机的定时器生成制冷器驱动的脉冲宽度调制模式，以修

正定时寄存器的值实现脉冲宽度调制模式占空比的变

化[15]，选取连续增计数模式作为计数方式。驱动器电路

图如图 3所示



图 3 驱动器电路图

制冷器通过 H桥式驱动电路获取双向、大小精密可

调的驱动电流[16]。用O和 K分别表示驱动电路中的电

平和开关，若 1O 与 2O 为高电平， 3O 与 4O 为低电平，

那么 1K 与 2K 开启， 3K 与 4K 断开，电流在制冷器中由

左至右流通；若 1O 与 2O 低电平， 3O 与 4O 为高电平，

那么 1K 与 2K 断开， 3K 与 4K 开启，电流在制冷器中由

右至左流通。利用 MSP430F449 单片机 PID 控制 1O 或

4O 的脉冲宽度调制模式占空比，基于 1K 或 4K 开启时间

的控制实现制冷器运行时间的控制，最终实现激光二极

管温度控制的目的。

2.3单片机的控制原理与特点

比例、积分、微分控制简称 PID 控制，其具有控制

精度高、稳定性好、结构简单、可调节等优势[17]。在缺

乏精确的数学模型，控制器的结构与参数需根据经验及

现场调试获取时，PID控制算法最为适用，因此在以单

片机作为控制器控制激光二极管温度时，单片机采用

PID控制算法进行控制。

激光二极管温度控制的核心是单片机PID控制算法

的参数整定，判断 PID控制算法比例系数、积分时间与

微分时间大小的依据是激光二极管温度控制过程的特

性。单片机 PID控制算法的参数整定方法分为理论计算

整定和工程整定两种[18]，其中理论计算整定是按照给定

的数学模型，通过理论计算获取控制参数；工程整定是

按照以往的工程经验，直接进行控制实验。理论计算整

定获取的参数与工程实际情况具有一定差距，需进行修

正后才可使用，而工程整定法过程简单，易掌握，是实

际控制应用中使用较广泛的方法。

在基于单片机的激光二极管温度控制过程中，单片

机 PID控制算法的一般算式为：
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式（3）内，  u y 和  e y 分别表示第 y 次控制时

单片机输出和温度误差； cL 、 1Y 和 DY 分别为单片机的

放大系数（比例增益）、积分常数和微分时间常数。单

片机 PID控制算法的原理就是通过修正 cL 、 1Y 和 DY 三

个参数，提升激光二极管温度控制性能。

因为采用单片机作为控制器控制激光二极管温度

的过程，实质上是一种采样控制过程[19]，是依照温度采

集时刻的温度误差确定控制量。所以在单片机通过 PID
控制算法控制激光二极管温度时，需离散化处理式（3），
将微分方程转化为数字形式的差分方程，这个过程中可

通过求和与增量式描述积分项与微分项：

         1 1de y E L E L E L E L
dy y Y

   
 


（4）
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    （5）

上述公式内， =y Y ，表示温度采样周期；  E L

和  1E L  分别表示第 L次和 1L  次温度采样过程中

的偏差值

在式（3）内，融入式（4）和式（5），获取离散

的 PID算法表达式：
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（6）

式（6）内  P L 表示第 L次温度采样时单片机的

输出，为保证  P L 的精度，需使Y 足够小。

3实验分析

3.1性能测试实验

实验以某型号激光二极管作为实验对象，从电路角

度和激光二极管输出光谱两方面进行实验，以验证本文

方法的有效性，结果如下。

3.1.1电路测试实验

实验开始前，采用MSP430F449单片机控制器将实

验对象的运行温度设置为 22℃，环境温度高于实验对象

运行温度 5℃左右。记录采用本文方法后，实验对象运

行温度随时间变化的曲线，结果如图 4所示。



图 4 电路测试结果

分析图 4中的实验数据得到，采用本文方法后，实

验对象的运行温度在 0.5分钟后达到单片机控制器设置

的温度值。15分钟的持续观察可知，实验对象的运行温

度在达到设置温度后，运行温度的变化范围控制在

-0.03℃—0.03℃内，未产生明显的跳变现象。实验结果

表明本文方法能够稳定控制激光二极管的温度。

3.1.2激光二极管输出光谱测试

采用本文方法控制实验对象运行温度时，通过傅里

叶红外光谱仪测量实验对象的输出光谱。将实验对象的

注入电流分别设定为 30mA、50 mA和 70 mA，采用本

文方法将实验对象的运行温度控制在 18℃—22℃下，分

别测量实验对象的输出光谱，结果如图 5所示。

（a）电流为 30mA时实验对象的输出光谱

（b）电流为 50mA时实验对象的输出光谱

（c）电流为 70mA时实验对象的输出光谱

图 5 实验对象的输出光谱图

分析图 5的实验结果得到，随着实验对象运行温度

的逐渐提升，其输出光谱的峰值波长也逐渐上升。在电

流为 30mA条件下，随着实验对象运行温度由 18℃上升

至 22℃时，波长峰值由 1451.60nm上升至 1451.98nm；

在电流为 50mA条件下，随着实验对象运行温度由 18℃
上 升 至 22℃时 ， 波 长 峰 值 由 1451.64nm 上 升 至

1452.04nm；在电流为 70mA 条件下，随着实验对象运

行温度由 18℃上升至 22℃时，波长峰值由 1451.77nm
上升至 1452.15nm。将不同电流值条件下，随着实验对

象运行温度提升，其输出波长的变化情况用图 6描述。

图 6输出波长同运行温度和注入电流的关系

分析图 6得到，采用本文方法后，随着注入电流的

提升，实验对象不同运行温度的输出波长也逐渐提升，

实验对象温度调谐系数的波动范围控制在 0.09nm/℃左

右。

3.2性能对比实验

分别采用本文方法，基于温漂补偿的激光二极管温

度控制方法和基于水冷散热的激光二极管温度控制方

法控制实验对象温度，分别从控制精度与响应时间两方

面对比不同方法，结果如下所示。

3.2.1控制精度对比

将实验对象的运行温度分别设置为 22℃、25℃、

28℃、30.3℃、33.7℃、38.5℃，采用不同控制方法控制

实验对象的温度，5 分钟后测量不同方法控制下实验对

象的运行温度，对比不同控制方法的绝对误差，验证本



文方法的控制精度，结果如表 1所示。

表 1不同方法的控制精度对比结果

本文方法

序号 设定温度/℃ 实测温度/℃ 绝对误差/℃

1 22 21.99 0.01

2 25 25 0

3 28 28.02 -0.02

4 30.3 30.27 0.03

5 33.7 33.7 0

6 38.5 38.51 -0.01

基于温漂补偿的控制方法

序号 设定温度/℃ 实测温度/℃ 绝对误差/℃

1 22 21.76 0.24

2 25 25.33 -0.33

3 28 28.19 -0.19

4 30.3 30.06 0.24

5 33.7 33.95 -0.25

6 38.5 38.23 0.27

基于水冷散热的控制方法

序号 设定温度/℃ 实测温度/℃ 绝对误差/℃

1 22 22.02 -0.02

2 25 25.07 -0.07

3 28 27.88 0.12

4 30.3 30.51 -0.21

5 33.7 33.34 0.36

6 38.5 39.02 0.52

分析表 1得到，采用本文方法控制实验对象运行温

度时，温度控制的绝对误差在 0℃—0.03℃之间；采用

基于温漂补偿的控制方法控制实验对象运行温度时，温

度控制的绝对误差在 0.19℃—0.33℃之间；采用基于水

冷散热的控制方法控制实验对象运行温度时，初始阶段

的绝对误差较低，仅为 0.02℃，而随着温度的提升，温

度控制的绝对误差达到 0.52℃。实验结果表明，本文方

法温度控制的精度更高。

3.2.2控制响应时间对比

将实验对象的运行温度设置为 20℃，采用不同控制

方法控制实验对象的运行温度，每 10s进行一次测量，

对比不同控制方法达到控制器设定温度的响应时间，结

果如表 2所示。

表 2 不同方法的控制响应时间对比

本文方法
基于温漂补偿的

控制方法

基于水冷散热的

控制方法

测量时

间/s

实测

温度

/℃

测量时

间/s

实测

温度

/℃

测量时

间/s

实测

温度

/℃

10 24.45 10 25.33 10 24.96

20 22.93 20 23.60 20 24.50

30 20.03 30 22.06 30 23.92

40 20.02 40 20.75 40 22.34

50 19.97 50 20.16 50 21.55

60 19.99 60 20.02 60 20.43

70 20.01 70 19.97 70 20.04

80 20.00 80 19.93 80 20.02

90 20.02 90 19.99 90 19.95

100 20.01 100 20.05 100 19.82

110 20.02 110 20.03 110 20.09

120 20.00 120 20.06 120 20.16

130 19.98 130 20.07 130 20.21

140 19.98 140 20.12 140 20.04

150 20.00 150 19.78 150 20.07

160 20.03 160 19.85 160 19.76

170 20.01 170 20.12 170 19.89

180 20.02 180 20.08 180 20.11

分析表 2得到，本文方法控制实验对象运行温度 30s
后，实验对象的温度达到控制器设定温度，且在其后的

150s观测时间内，温差波动较小；而其他两种控制方法

分别在 60s和 70s后才达到控制器设定温度，且在其后

的观测时间内，温差波动较大。实验结果说明本文方法

控制响应时间较快。

4结论

本文以MSP430F449单片机作为激光二极管温度控

制的主控制器，通过温度采集电路采集激光二极管当前

温度，获取温度误差；单片机控制器采用 PID控制算法

处理温度采集电路获取的温度差值信号后，利用制冷器

对激光二极管进行制冷或加热，完成激光二极管温度控

制。本文方法温度控制的绝对误差在 0℃—0.03℃之间，

明显低于传统方法；本文方法控制实验对象运行温度

30s后，实验对象的温度达到控制器设定温度。实验验

证本文方法具有较高的温度控制精度和稳定性，且控制

响应时间较快，满足激光二极管温度控制要求。
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